
 
 
 
 

 

 

 

ISSN = 1980-993X (Online) 
http://www.ambi-agua.net 

42th Edition of Revista Ambiente & Água - An Interdisciplinary Journal of Applied Science, 
Taubaté, V. 13, N. 1, Jan./Feb. 2018. (doi:10.4136/ambi-agua.v13.n1)  

http://www.ambi-agua.net/
https://doi.org/10.4136/ambi-agua.v13.n1
http://ipabhi.org/


i 
 

EDITORIAL BOARD 
Editors 

Getulio Teixeira Batista (Emeritus Editor) Universidade de Taubaté - UNITAU, BR 

Nelson Wellausen Dias (Editor-in-Chief), Fundação Instituto Brasileiro de Geografia e Estatística - IBGE, BR 

 

Associate Editors 

Ana Aparecida da Silva Almeida Universidade de Taubaté (UNITAU), BR 

Marcelo dos Santos Targa Universidade de Taubaté (UNITAU), BR 

 

        Editorial Commission 

Amaury Paulo de Souza Universidade Federal de Viçosa (UFV), BR  

Ana Aparecida da Silva Almeida Universidade de Taubaté (UNITAU), BR 

Andrea Giuseppe Capodaglio University of Pavia, ITALY 

Antonio Evaldo Klar Universidade Est. Paulista Júlio de Mesquita Filho (UNESP), BR 

Antonio Teixeira de Matos Universidade Federal de Viçosa (UFV), BR  

Apostol Tiberiu University Politechnica of Bucharest, Romênia 

Carlos Eduardo de M. Bicudo Instituto de Botânica, IBT, BR  

Claudia M. dos S. Cordovil Centro de estudos de Engenharia Rural (CEER), Lisboa, Portugal 

Dar Roberts University of California, Santa Barbara, United States 

Delly Oliveira Filho Universidade Federal de Viçosa (UFV), BR  

Gabriel Constantino Blain Instituto Agronômico de Campinas, IAC, BR 

Giordano Urbini University of Insubria, Varese, Italy 

Gustaf Olsson Lund University, Lund, Sweden 

Hélio Nobile Diniz Inst. Geológico, Sec. do Meio Amb. do Est. de SP (IG/SMA), BR  

Ignacio Morell Evangelista University Jaume I- Pesticides and Water Research Institute, Spain 

János Fehér Debrecen University, Hungary 

João Vianei Soares Instituto Nacional de Pesquisas Espaciais (INPE), BR 

José Carlos Mierzwa Universidade de São Paulo, USP, BR  

Julio Cesar Pascale Palhares Embrapa Pecuária Sudeste, CPPSE, São Carlos, SP, BR  

Luis Antonio Merino 
Institute of Regional Medicine, National University of the Northeast, 

Corrientes, Argentina 

Marcelo dos Santos Targa Universidade de Taubaté (UNITAU), BR 

Maria Cristina Collivignarelli  University of Pavia, Depart. of Civil Engineering and Architecture, Italy 

Massimo Raboni LIUC - University "Cattaneo", School of Industrial Engineering, Italy 

Petr Hlavínek Brno University of Technology  República Tcheca 

Richarde Marques da Silva Universidade Federal da Paraíba (UFPB), BR  

Silvio Jorge Coelho Simões Univ. Est. Paulista Júlio de Mesquita Filho (UNESP), BR  

Stefan Stanko Slovak Technical University in Bratislava Slovak, Eslováquia 

Teresa Maria Reyna Universidad Nacional de Córdoba, Argentina 

Yosio Edemir Shimabukuro Instituto Nacional de Pesquisas Espaciais (INPE), BR 

Zhongliang Liu Beijing University of Technology, China 
 

Text Editor Theodore D`Alessio, FL, USA, Maria Cristina Bean, FL, USA 

Reference Editor Liliane Castro, Bibliotecária - CRB/8-6748, Taubaté, BR 

Peer-Reviewing Process Marcelo Siqueira Targa, UNITAU, BR 

System Analyst Tiago dos Santos Agostinho, UNITAU, BR 

Secretary and Communication  Luciana Gomes de Oliveira, UNITAU, BR 
 

Library catalog entry by Liliane Castro CRB/8-6748 

Revista Ambiente & Água - An Interdisciplinary Journal of Applied Science / Instituto de Pesquisas 

Ambientais em Bacias Hidrográficas. Taubaté. v. 13, n.1 (2006) - Taubaté: IPABHi, 2018. 
Quadrimestral (2006 – 2013), Trimestral (2014 – 2016), Bimestral (2017), Publicação Contínua a partir de 

Janeiro de 2018. 
 

Resumo em português e inglês. 
ISSN 1980-993X 
 

1. Ciências ambientais. 2. Recursos hídricos. I. Instituto de Pesquisas Ambientais em Bacias Hidrográficas. 

CDD - 333.705 

CDU - (03)556.18 



ii 

 

TABLE OF CONTENTS 
COVER: 

Maps showing adequate areas for the cultivation of two varieties of eucalyptus obtained by the application 

of the Multi-Objective Land Allocation (MOLA) tool 

Source: FRAGA, M. S. et al. Climatic zoning for eucalyptus cultivation through strategic decision analysis. Rev. 

Ambient. Água, Taubaté, vol. 13 n. 1, p. 1-13, 2018. doi:10.4136/ambi-agua.2119 

ARTICLES 

01 

Rainfall zoning of Bahia State, Brazil: an update proposal  

doi:10.4136/ambi-agua.2171 

Yagho de Souza Simões; Eduardo Henrique Borges Cohim Silva; Heráclio Alves de Araújo 

1-18 

02 

Land use and its impacts on the water quality of the Cachoeirinha Invernada Watershed, 

Guarulhos (SP) 

doi:10.4136/ambi-agua.2131 

Dhisney Gonçalves de Oliveira; Reinaldo Romero Vargas; Antonio Roberto Saad; Regina de Oliveira 

Moraes Arruda; Fabrício Bau Dalmas; Fernanda Dall'Ara Azevedo 

1-17 

03 

Soil map units of Minas Gerais State from the perspective of Hydrologic Groups 

doi:10.4136/ambi-agua.2118 

Lucas Alves da Silva; Antônio Marciano da Silva; Gilberto Coelho; Leandro Campos Pinto 

1-13 

04 

Degradation of 17α-methyltestosterone by hydroxyapatite catalyst  

doi:10.4136/ambi-agua.2103 

Daniela Langaro Savaris; Roberto de Matos; Cleber Antonio Lindino 

1-9 

05 

Effect of the riparian vegetation removal on the trophic network of Neotropical stream fish 

assemblage 

doi:10.4136/ambi-agua.2088 

Pedro Sartori Manoel; Virginia Sanches Uieda 

1-11 

06 

Cálculo de precipitação média utilizando método de Thiessen e as linhas de cumeada 

doi:10.4136/ambi-agua.1906 

Alexandre Germano Marciano; Alexandre Augusto Barbosa; Ana Paula Moni Silva 

1-9 

07 

Determinação e interpolação dos coeficientes das equações de chuvas intensas para cidade do Rio 

de Janeiro 

doi:10.4136/ambi-agua.2076 

Raphael Nunes de Siqueira Braga; Mônica de Aquino Galeano Massera da Hora; Gustavo Bastos Lyra; 

Alexandre Lioi Nascentes 

1-14 

08 

Climatic zoning for eucalyptus cultivation through strategic decision analysis 

doi:10.4136/ambi-agua.2119 

Micael de Souza Fraga; Eduardo Morgan Uliana; Demetrius David da Silva; Flávio Bastos Campos; Maria 

Lúcia Calijuri; Diego Magalhães de Souza Santos 

1-13 

09 

Sanitary quality of the rivers in the Communities of Manguinhos´ Territory, Rio de Janeiro, RJ 

doi:10.4136/ambi-agua.2125 

Natasha Berendonk Handam; José Augusto Albuquerque dos Santos; Antonio Henrique Almeida de 

Moraes Neto; Antonio Nascimento Duarte; Elizabeth Brito da Silva Alves; Maria José Salles; Adriana 

Sotero-Martins 

1-8 

https://doi.org/10.4136/ambi-agua.2119
https://doi.org/10.4136/ambi-agua.2171
https://doi.org/10.4136/ambi-agua.2131
https://doi.org/10.4136/ambi-agua.2118
https://doi.org/10.4136/ambi-agua.2103
https://doi.org/10.4136/ambi-agua.2103
https://doi.org/10.4136/ambi-agua.2088
https://doi.org/10.4136/ambi-agua.1906
https://doi.org/10.4136/ambi-agua.2076
https://doi.org/10.4136/ambi-agua.2119
https://doi.org/10.4136/ambi-agua.2119
https://doi.org/10.4136/ambi-agua.2125


iii 

 

10 

Urban influence on the water quality of the Uberaba River basin: an ecotoxicological assessment 

doi:10.4136/ambi-agua.2127 

Ana Luisa Curado; Camila Cunha de Oliveira; William Raimundo Costa; Ana Carolina Borella Marfil 

Anhê; Ana Paula Milla dos Santos Senhuk 

1-10 

11 

Short-term dermal exposure to tannery effluent does not cause behavioral changes in male Swiss 

mice 

doi:10.4136/ambi-agua.2143 

Bruna de Oliveira Mendes; Abraão Tiago Batista Guimarães; Joyce Moreira de Souza; Raíssa de Oliveira 

Ferreira; Wellington Alves Mizael da Silva; Aline Sueli de Lima Rodrigues; Guilherme Malafaia 

1-14 

12 

Impact of spineless cactus cultivation (O. Ficus-indica) on the thermal characteristics of soil 

doi:10.4136/ambi-agua.2148 

Willames de Albuquerque Soares 

1-12 

13 

Trends in daily precipitation in highlands region of Santa Catarina, southern Brazil 

doi:10.4136/ambi-agua.2149 

Eder Alexandre Schatz Sá; Carolina Natel de Moura; Victor Luís Padilha; Claudia Guimarães Camargo 

Campos 

1-13 

14 

Investigating the leaching properties of MBT wastes and composts from aerobic/anaerobic 

processes 

doi:10.4136/ambi-agua.2160 

Francesco Lombardi; Di Lonardo Maria Chiara; Alessio Lieto; Piero Sirini 

1-14 

 
 

https://doi.org/10.4136/ambi-agua.2127
https://doi.org/10.4136/ambi-agua.2143
https://doi.org/10.4136/ambi-agua.2143
https://doi.org/10.4136/ambi-agua.2148
https://doi.org/10.4136/ambi-agua.2148
https://doi.org/10.4136/ambi-agua.2149
https://doi.org/10.4136/ambi-agua.2160
https://doi.org/10.4136/ambi-agua.2160


 

 

 

Ambiente & Água - An Interdisciplinary Journal of Applied Science 

ISSN 1980-993X – doi:10.4136/1980-993X 

www.ambi-agua.net 

E-mail: ambi.agua@gmail.com 

 

 

This is an Open Access article distributed under the terms of the Creative Commons 

Attribution License, which permits unrestricted use, distribution, and reproduction in any 

medium, provided the original work is properly cited. 

 

Rainfall zoning of Bahia State, Brazil: an update proposal 

ARTICLES doi:10.4136/ambi-agua.2171 

Received: 12 Aug. 2016; Accepted: 17 Dec. 2017 

Yagho de Souza Simões1*; Eduardo Henrique Borges Cohim Silva1; 

Heráclio Alves de Araújo2 

1Universidade Estadual de Feira de Santana (UEFS), Feira de Santana, BA, Brasil 

Departamento de Tecnologia (DTEC). E-mail: yagho.ssimoes@gmail.com,  

edcohim@gmail.com 
2Instituto do Meio Ambiente e Recursos Hídricos (INEMA), Salvador, BA, Brasil 

Coordenação de Monitoramento de Recursos Ambientais e Hídricos (COMON).                                                              

E-mail: heraclio.araujo@gmail.com 
*Corresponding author 

ABSTRACT 
The state of Bahia’s main climatic characteristic is the high spatial and chronological 

variability of precipitation. This heterogeneity may be used to determine of pluviometrically 

homogeneous areas that can define mesoregions in the state, since they allow better 

management of water resources and help in the elaboration of agricultural studies. The 

mesoregions already proposed by the scientific community for the state were based only on the 

annual precipitation in the proximity of the pluviometric stations. In this paper, besides these 

parameters, spatial and chronological rainfall distribution was considered, i.e., the Precipitation 

Concentration Degree (PCD) and Precipitation Concentration Period (PCP). The new zoning is 

based on an update of a study defined in 2000 that divided Bahia into eight mesoregions. Thus, 

180 pluviometric stations were distributed throughout the state and grouped conforming to the 

division previously described. It was concluded that some stations of the same mesoregion had 

presented conflicting values for the analyzed parameters and, therefore, should not belong to 

the same area. Starting from an arrangement of the collection stations, considering their 

proximity, annual precipitation and statistical parameters, a new zoning for Bahia with 10 

clusters was defined and validated through the statistical treatment of data. 

Keywords: clusters, mesoregions, precipitation variability. 

Zoneamento pluviométrico do Estado da Bahia, Brasil: uma proposta 

de atualização 

RESUMO 
O estado da Bahia possui como principal característica climática, a alta variabilidade 

espacial e temporal das precipitações. Essa heterogeneidade conduz à determinação de áreas 

pluviometricamente homogêneas, uma vez que estas permitem uma melhor gestão dos recursos 

hídricos e auxiliam na elaboração de estudos agrícolas. As propostas de mesorregiões já 

realizadas no meio científico para o estado se basearam apenas na precipitação anual e na 

proximidade dos postos pluviométricos. Porém nesse artigo, além desses parâmetros, foram 

utilizadas grandezas estatísticas que levam em consideração a distribuição espacial e temporal 

http://www.ambi-agua.net/seer/index.php/ambi-agua/index
http://dx.doi.org/10.4136/1980-993X
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das chuvas, como o Grau de Concentração da Precipitação (GCP) e o Período de Concentração 

da Precipitação (PCP). O novo zoneamento se baseia em uma atualização de um estudo definido 

em 2000 que repartiu a Bahia em oito mesorregiões. Para isso, 180 postos pluviométricos foram 

distribuídos pelo estado e agrupados conforme a repartição descrita anteriormente. A partir da 

análise dos parâmetros de chuva para as estações de um mesmo agrupamento foi constatado 

que alguns postos pluviométricos, pertencentes a uma mesma mesorregião, apresentaram 

valores discrepantes para os parâmetros analisados e, portanto, não deveriam ocupar a mesma 

área. A partir de um ordenamento dos postos de coleta, levando em consideração a proximidade 

dos mesmos, a precipitação total anual e as grandezas estatísticas, foi definido um novo 

zoneamento para a Bahia com 10 agrupamentos e validação comprovada através de um 

tratamento estatístico dos dados.  

Palavras-chave: agrupamentos, mesorregiões, variabilidade de precipitações. 

1. INTRODUCTION 

The state of Bahia has an area of approximately 600,000 km², which presents a relief made 

up of plains, valleys and mountains, with altitude reaching 1400 m and, as its main climatic 

characteristic, high spatial and chronological variability of precipitation. According to Silva et 

al. (2012), this variability is justified not only by the influence of local geographic 

characteristics but also by the variations and intensity of the different meteorological systems 

that operate in the state at different times of the year. 

This heterogeneity can be seen in Figure 1, which shows the spatial distribution of the 

month in which the average monthly precipitation reaches its maximum value. In addition, the 

annual precipitation distribution can be visualized for 5 meteorological stations representative 

of the pluviometric regime in distinct areas of the Northeast region of Brazil. The location of 

each station is indicated by the letters “Q” (Quixeramobim, Ceará), “O” (Olinda, Pernambuco), 

“S” (Salvador, Bahia), “C” (Caetité, Bahia) and “R” (Remanso, Bahia). 

The three seasons that represent the behavior of Bahia’s precipitation demonstrate 

satisfactorily the performance of the meteorological system’s dynamics. It can be seen from 

Figure 1 that there are three rainy periods in the state. The first one occurs between November 

and March, with the highest rainfall volumes expected in December, represented by the Caetité 

station (the only rainy one) and Remanso station (the first and main rainy one). The precipitation 

occurrence in this period is mainly associated with the passage of the cold front, or traces of 

them, that advance through the southeast of the country, as well as the action of the South 

Atlantic Convergence Zone (SACZ), which is responsible for the transportation of humidity 

coming from the Amazon region towards Bahia, resulting in the rainfall’s intensification, 

mainly in the central-south and west of the state. 

The second rainy season is from February to May, with March being the month with the 

highest rainfall rates, represented by the Remanso station (as a secondary rainy season in the 

same region). In this quarter, the Intertropical Convergence Zone (ITCZ) is the key 

meteorological system responsible for the occurrence of these rains, mainly in the north of the 

Brazilian Northeast, reaching the north of Bahia. 

The third and last rainy period of Bahia occurs between the months of April and July, with 

the highest rates being recorded in May, represented here by the Salvador station. During this 

period, the rains are concentrated in the east-central area of the state, originated by the humid 

winds coming from the Atlantic Ocean. However, the largest volumes are observed in the 

locations closest to the coast. 

Regarding the annual rain distribution, the diversity of the factors involved in their 

generation and intensification in different regions of the state is evident. In the area closest to 
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the coast, where rainfall maxima occurs in May, annual accumulation is superior to 1200 mm. 

In the Chapada Diamantina region, where rainfall maxima occurs in December and March, 

annual accumulations reach 1000 mm. In the west of the state, the average annual precipitation 

is high, over 1000 mm; but it is concentrated mostly in a single period of the year. In many 

locations of the north, northeast, and south of the state, average annual precipitation does not 

reach 600 mm. (Braga et al., 1998). 

 
Figure 1. Spatial distribution of the month in which the average 

monthly precipitation reaches its maximum value in distinct areas 

of Northeast region of Brazil (CPTEC/INPE, 1986).  

Considering this variability, some studies were developed with the purpose of verifying 

the existence of pluviometrically homogeneous areas, that can define mesoregions in the state. 

The determination of mesoregions is of utmost importance because it allows better management 

of water resources and helps in the elaboration of agricultural projects and studies (André et al., 

2008). The agricultural area is intrinsically dependent on rainfall and therefore requires an 

adequate hydrological knowledge of the regions. According to Gopfert et al. (1993), 

precipitation is the major climatic risk factor for Brazilian agriculture. For this reason, the 

application of the zoning technique to define homogeneous areas helps the agricultural sector 

to define the best months for planting, avoiding crop losses. 

The interest in determining rainy-homogeneous regions is demonstrated in works carried 

out in some places in Brazil and in the world. The following studies used the same grouping 

technique: the cluster analysis. Depending on the subjectivity of the researcher, one chooses the 

hierarchical or non-hierarchical technique for data processing. The studies that opted for the 

hierarchical analysis followed Ward's proposal (1963), while those that performed a non-

hierarchical analysis adopted the k-means method. 
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Internationally, a range of studies identified homogenous regions based on precipitation. 

Kyselý et al. (2007) researched a way to identify homogeneous regions in the Czech Republic 

according to rainfall, applying the average-linkage clustering and Ward’s method. The results 

pointed out four homogeneous regions. Firat et al. (2012) using the K-Means method, identified 

homogeneous regions in Turkey based on annual total precipitation series. Seven clusters were 

determined. Badr et al. (2016) subdivided Africa into homogeneous regions according to their 

precipitation regimes. Data processing techniques and grouping algorithms were employed in 

that case.  

At the national level, some studies are prominent. Keller Filho et al. (2005) sought to 

identify mesoregions for Brazil from the application of the method referenced in the rainfall 

probability distribution and defined 25 homogeneous regions. A similar study was developed 

in northeastern Brazil. Guedes et al. (2010) used the cluster analysis non-hierarchical and 

Shannon entropy theory to evaluate the potential availability of water resources (PAWR), using 

rainfall data from 874 pluviometric stations. They concluded that the eastern coast of the region 

and the west of Maranhão State had the highest PAWR. However, the states of Ceará and Rio 

Grande do Norte and the central part of the Northeast presented a shortage of water resources.  

The state of Rio de Janeiro was also divided into six mesoregions through 48 stations with 

a historical series of 30 years (1971-2000) (André et al., 2008). Freitas et al. (2013) carried out 

a zoning of Paraiba State, using the grouping technique for the climatic indexes (water, dryness 

and humidity) of 54 pluviometric stations, with a historical series from 1970 to 2000. On the 

other hand, the state of Mato Grosso do Sul was divided into five regions by the mentioned 

grouping technique in the historical series (1954-2013) of 32 stations, defining three seasons 

for the area: dry, rainy and transitory (Teodoro et al., 2016). The State of Tocantins also went 

through a group analysis (cluster analysis using Ward's algorithm) and three pluviometrically 

homogeneous regions were definedaccording to Oliveira Júnior et al. (2017). Besides Terassi 

and Galvani (2017) identified homogeneous rainfall regions in the Eastern Watersheds of the 

State of Paraná, Brazil. The methodology applied was Ward’s method for hierarchical grouping.  

Regarding the state of Bahia, some studies were found, which proposed its subdivision. 

Braga et al. (1998) used daily series of 140 rainfall stations distributed in Bahia with a historical 

series of over 30 years. The cluster method, based on the ascending hierarchical method 

proposed by Ward (1963), was applied to identify similar areas from 10-day period data of each 

station. Nine sub-regions were proposed, as can be seen in Figure 2. 

Dourado et al. (2013) used 92 pluviometric stations with a historical series of 30 years 

(1981-2010) to identify homogeneous pluviometric zones, applying the data-mining technique. 

The k-means algorithm was used, which is also based on cluster analysis of the stations monthly 

data. As a result, five similar regions were detected (Figure 3). Araújo and Rodrigues (2000), 

also using the cluster method for a precipitation data set of 140 pluviometric stations (1943-

1983), determined eight mesoregions in Bahia, where there were similarities in the rainfall 

regimes’ behavior, being denominated West, São Francisco, North, Chapada Diamantina, 

Southwest, South, Recôncavo and Northeast (Figure 4). 

The majority of the previously mentioned studies were based only on the annual 

precipitation and in the proximity of the pluviometric stations to divide the state. However, the 

zoning in this research has the purpose of subsidizing urban and rural management planning 

activities. Therefore, it is of great relevance to consider the spatial and chronological rainfall 

distribution. Thus, by means of the Precipitation Concentration Degree (PCD) and Precipitation 

Concentration Period (PCP), the objective is to identify and classify pluviometrically 

homogeneous areas in the state of Bahia, based on the proposal described by Araújo and 

Rodrigues (2000). 
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Figure 2. Rainfall zoning of Bahia proposed by the cluster method (Braga et al., 

1998) (Adapted). 

 

Figure 3. The climatic zoning of Bahia proposed by Dourado et al. 

(2013) (Adapted).  
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Figure 4. The climatic zoning of Bahia proposed by Araújo and Rodrigues (2000) 

(Adapted). 

2. MATERIALS AND METHODS 

The methodology used to delimitate the pluviometrically homogeneous mesoregions of 

the state was based on the behavior evaluation of rainfall in Bahia through definition of the 

statistical quantities PCD and PCP and annual precipitation. Maps were elaborated to spatialize 

such parameters using the tool ArcGis 10.2 to allow the definition of a new zoning. 

2.1. Available data 

The precipitation data used in this study consists of the historical series of 180 rainfall 

stations (Table 1). 

The historical series of 180 rainfall stations are available in the Water Resources 

Database (BDRH) of the Environment and Water Resources Institute (INEMA) and the 

Hydrological Information System (HidroWeb) of the National Water Agency (ANA). Out of 

these stations, 92 have a 15-year historical series of daily rain data (1998-2012), while 88 have 

33 years of data (1980-2012) (Table 1).  

The 180 pluviometric stations spatial distribution is shown in Figure 5, showing good 

representativeness for the state of Bahia. It is curious that the number of stations used in this 

study, 180, exceeds the amount used in other studies already performed for the state, indicating 

its effective representation. In addition, the historical series employed are new, which already 

allows the incorporation of possible behavioral changes that may have happened and that were 

not considered in previous studies. 
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Table 1. The 180 rainfall stations of Bahia, Brazil.  

33 years historical series of daily rain data. 15 years historical series of daily rain data. 

Alcobaça Itajuípe (Piranji) Anagé Maracás 

Andaraí Itamaraju Antas Marcionílio Souza 

Araças Itanhém Araci Milagres 

Aratuipe Itanhy Baianópolis Monte Santo 

Argoim Itapebi Baixa Grande Morro do Chapéu 

Arrojado Ituberá Barra Mucugê 

Barreiras Jequié Barra da Estiva Mundo Novo 

Boqueirão Juazeiro Barra do Mendes Mundo Novo-Ibiaporã 

Brotas De Macaúbas Junco Boa Vista do Tupim 
Muquém de São 

Francisco 

Buracica Lagoa Do Boi Bom Jesus da Lapa Palmas de Monte Alto 

Camacan (Vargito) Lomanto Junior Boninal Paramirim 

Campo Dos Cavalos Lucaia (Campos Sales) Bonito Paripiranga 

Cândido Sales Mascote Brumado Paulo Afonso 

Carinhanha Medeiros Neto Caculé Pedro Alexandre 

Cipó Miguel Calmon (Djalma Dutra) Caetité Piatã 

Colônia Do Formoso Mocambo Cafarnaum Planaltino 

Correntina Morpará Canarana Ponto Novo 

Corte Grande Mundo Novo Cansanção Potiraguá 

Derocal Mutuípe Casa Nova Remanso 

Emboacica Nazaré Conceição do Coité Riachão do Jacuípe 

Fazenda Bom Jardim Nilo Peçanha Condeúba Riacho de Santana 

Fazenda Cabaceiras Nova Vida - Montante Coronel João Sá Ribeira do Pombal 

Fazenda Coqueiro Pedrinhas Entre Rios Rio Real 

Fazenda Iguaçu Ponte Br-242 Euclides da Cunha Rodelas 

Fazenda Macambira Ponte Serafim - Montante Feira de Santana Ruy Barbosa 

Fazenda Manaus Porto Gentio do Ouro Santa Bárbara 

Fazenda Nancy Porto Novo Guanambi Santa Brígida 

Fazenda Porto Alegre Prado Heliópolis Santaluz 

Fazenda Redenção Próximo A Curaça II Ibicuí Santana 

Fazenda Refrigério - Jusante Queimadas Ibitiara Sátiro Dias 

Floresta Azul Rio Verde II Ibititá Saúde 

Formosa Do Rio Preto Santa Cruz Da Vitória Ipiaú Seabra 

França Santa Inês Ipirá Senhor do Bonfim 

Gameleira Santa Luzia Irecê Sento Sé 

Gatos Santa Maria Da Vitória Itaberaba Serra do Ramalho 

Helvécia (Efbm) Santo Antônio Itambé Serrinha 

Iaçu São José Itapetinga Souto Soares 

Ibipetuba São José Do Prado Itapicuru Tucano 

Ibó São Sebastião Itiruçu Uauá 

Ibotirama Sítio Grande Ituaçu Uibaí 

Inhambupe Teodoro Sampaio Jacobina Umburanas 

Inhobim Tiririca Jeremoabo Urandi 

Itaeté Valença Livramento de Nossa Senhora Utinga 

Itajú Do Colônia Wenceslau Guimarães Macarani Vitória da Conquista 

  Macaúbas Wanderley 

  Mairi Xique-Xique 
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Figure 5. Spatial Distribution of the pluviometric stations of Bahia, Brazil (Personal 

collection). 

2.2. Data processing 

An analysis of the annual total precipitation data was executed in order to verify the 

existence of gaps, as well as the possibility of filling them, using some method or technique 

that would best fit for each station. Then, a consistency analysis was completed. 

For the period when there was no precipitation data, they were estimated from the gap-

filling procedures using the regional means method developed by Paulhus and Kohler (1952), 

which is based on the pluviometric records of the three nearest and evenly spaced stations from 

the failed registry station. 

The first procedure is used in cases where the annual normal precipitation at each of the 

three adjacent stations does not exceed 10% of the normal annual precipitation of the failed 

station in the series. Thus, the estimated precipitation value is the result of the arithmetic mean 

of the three stations’ rainfalls. 

When the annual normal precipitation at one of the adjacent stations exceeds 10% of the 

normal annual precipitation of the failed station, a second procedure is used. In these cases, the 

estimated precipitation is determined by the weighted average of the three contiguous stations’ 

registers, where the weights are the ratios between normal annual precipitation. Therefore, the 

daily precipitation (P) at the x (Px) station is calculated by (Equation 1): 
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Px =  
1

3
[

Nx

Na
 Pa +

Nx

Nb
 Pb +  

Nx

Nc
 Pc]                                                              (1) 

  

Where, "N" is the annual normal precipitation and the letters "a", "b" and "c" represent the 

adjacent stations to station x. 

After filling the gaps in the precipitation data series, they were submitted to a consistency 

analysis within a regional view, which allowed the determination of the homogeneity degree of 

the available data in a station with respect to the observations recorded in adjacent stations. 

In this paper, the Double-Mass Method was applied, one of the best-known methods of 

consistency analysis for precipitation data. Through this method, it is possible to verify if 

changes happened in the precipitation performance over time, or even at the collection site 

(Bertoni and Tucci, 2007). According to these authors, the method is applied as follows: the 

stations of a microregion are separated, and then their annual precipitation totals are 

accumulated and plotted in a Cartesian system, where in the abscissa axis is included the 

accumulated annual precipitation of the microregion and, in the ordinate axis, the accumulated 

totals of each station. 

There should be proportionality between the accumulated totals of the analyzed stations 

and the accumulated average totals in the microregion so that the points align along a straight 

line. If a change in slope is identified, it is established as follows: systematic errors, change in 

the collection conditions or existence of a real physical cause, such as climate change in a 

region. 

2.3. PCD and PCP Calculation Method 

The PCD is a quantity that reflects the degree to which the total precipitation is distributed 

throughout the 12 months of the year. Its value ranges from 0 to 1. Values near 0 represent 

more-distributed rainfall, while values close to 1 indicate that rain is concentrated in an 

abbreviated period. The PCP is also a statistical quantity given in degrees that measures the 

month in which the precipitated total was concentrated in the year.  

The calculation principle of the PCD and PCP is based on a vector analysis. According to 

Xumei et al. (2010), the monthly precipitation is considered a vector whose direction and 

magnitude for a year can be seen as a 360° circumference.  

Each year has 12 months, so each month assumes a value of 30º, as can be seen in Table 

2. Starting from January with 0º until December with 330º, being the coverage of each month 

(±) 15º. 

Table 2. Relationship between the month and the PCP (Xumei et al., 2010) 

(Adapted). 

Month PCP Month PCP Month PCP 

January 0º May 120º September 240º 

February 30º June 150º October 270º 

March 60º July 180º November 300º 

April 90º August 210º December 330º 

Because it is a vector, the monthly precipitation has horizontal projections, Rx, and 

vertical projections, Ry, that allow the calculation of these quantities as follows (Equations 2, 

3, 4, 5 e 6): 

 Ri =  ∑ rij                  (2) 

Rxi =  ∑ rij. sin θj                                                    (3) 
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Ryi =  ∑ rij. cos θj                                                    (4) 

PCPij =  tan−1 Rxi

Ryi
                                                     (5) 

PCDij =  
√R²xi+ R²yi

Ri
                                                     (6) 

Where "i" is the year of the historical series and "j" represents the month. The variable  rij 

demonstrates the precipitation in month "j" of the year "i" and θj represents the studied month. 

2.4. Evaluation of mesoregions defined in 2000 

The that main objective of this study was to develop a zoning proposal based on the 

division defined by Araújo and Rodrigues (2000). Thus, it was necessary to evaluate the 

homogeneity of the annual and monthly rainfall data, in addition to statistical quantities such 

as PCD and PCP for the 180 pluviometric stations divided in the eight mesoregions proposed 

in 2000. Therefore, two methodologies were adopted by authors. 

The first one is to develop electronic spreadsheets for each of the eight mesoregions, where 

the data collection stations were grouped with the following characteristics: average PCD, 

average PCP, average total precipitation and average precipitation of each month. The second 

methodology used consisted of the boxplot tool to evaluate the behavior of the PCD series and 

annual precipitation of all the stations of each mesoregion. The boxplot is a graphing tool used 

to check the variation of a variable in a data series. In the abscissa axis are the factors of interest, 

which in this study will be the stations, and in the ordinate axis is the variable to be analyzed, 

which in this case are the PCD and precipitation.  

3. RESULTS AND DISCUSSION 

3.1. Analysis of mesoregions defined in 2000 

After grouping the 180 collection stations in the eight mesoregions proposed by Araújo 

and Rodrigues (2000) and attaching the respective rainfall parameters, it was sought to identify 

the similarities and/or differences between the pluviometric stations in these areas. The 

behavior of the annual precipitation and PCD for the North mesoregion is shown in Table 3 and 

PCD for the West mesoregion is shown in Figure 6, where there was uniformity between these 

quantities. Such behavior suggests that the meteorological systems responsible for the 

occurrence of these rains act in a homogeneous way, both in the area of each mesoregion and 

in the period throughout the year. 

 
Figure 6. Boxplot for PCD of the West Mesoregion (Personal collection).  
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Table 3. Partial of the North Mesoregion Spreadsheet with precipitation and PCD values.  

Month Casa Nova Ibititá Irecê Juazeiro- Junco Remanso Santo Sé Uibaí 

January 83,5 88,5 102,1 85,4 101,7 98,2 124,4 

February 88,1 86,8 98,7 85,5 105,2 103,4 88,0 

March 104,4 79,3 98,3 90,3 97,7 135,1 120,7 

April 41,0 31,3 48,0 32,1 42,2 62,9 46,4 

May 16,1 11,5 16,1 13,6 4,2 8,8 11,6 

June 2,2 1,4 0,4 6,7 1,9 0,5 0,0 

July 1,0 0,0 0,3 3,3 0,3 0,2 0,0 

August 0,9 0,3 0,0 1,0 0,0 0,0 0,0 

September 4,1 2,5 4,8 1,8 1,9 0,8 4,3 

October 24,5 28,6 27,2 12,6 21,0 15,5 37,1 

November 42,3 100,4 105,9 52,7 75,6 72,1 84,6 

December 59,4 112,6 108,0 64,0 47,1 56,5 122,1 

Total 467,5 543,2 609,8 449,2 498,8 554,0 639,2 

PCD 0,61 0,63 0,61 0,62 0,648 0,65 0,63 

Source: Personal collection. 

In the other mesoregions of the state (São Francisco, Chapada Diamantina, Southwest, 

Northeast, Recôncavo and South) the climatic diversity was evident, especially in relation to 

the rainfall regime, where there were significant variations in annual totals in the same area, as 

in the Northeast mesoregion, presented in Table 4. It can be observed in this Table that the 

lowest value for average annual total precipitation was recorded in the municipality of Coronel 

João Sá (with 240.9 mm) and the highest value (1706.1 mm) was registered in the municipality 

of Esplanada (Corte Grande Station).  

The same behavior in the total annual precipitation can also be seen in the Boxplot of the 

Recôncavo mesoregion (Figure 7), where it indicates a heterogeneity in the rainfall volume 

distribution in the area. Therefore, a great variety of characteristics can be perceived for a same 

mesoregion that should have data uniformity. 

Table 4. Partial of the Northeast Mesoregion Spreadsheet. 

Month Ibó Antas 
Conceição 

do Coité 
Curaçá Cipó 

Coronel 

João Sá 

Entre 

Rios 

Corte 

Grande 

January 86,3 63,8 58,6 93,0 35,4 17,6 97,3 75,3 

February 77,5 61,6 45,6 71,8 45,2 23,9 81,1 94,9 

March 111,5 60,5 37,1 94,6 67,9 26,7 74,0 114,1 

April 65,6 81,9 35,2 47,1 58,2 14,5 133,6 215,3 

May 29,3 114,5 44,6 19,0 56,5 39,4 152,0 248,0 

June 12,0 121,5 61,1 7,2 60,1 37,5 161,1 235,6 

July 9,6 102,7 36,8 7,1 55,6 29,6 148,5 188,1 

August 4,6 88,6 31,6 2,0 33,8 21,8 107,5 162,8 

September 1,5 37,0 19,1 1,6 25,0 8,6 85,9 110,7 

October 9,5 33,3 38,0 3,8 28,0 16,5 59,8 83,5 

November 31,2 20,9 44,4 34,9 47,5 2,2 58,1 87,6 

December 53,8 40,0 38,4 68,2 40,8 2,6 25,4 90,3 

Total 492,4 826,3 490,6 450,2 554,1 240,9 1184,3 1706,1 

PCD 0,58 0,30 0,08 0,62 0,16 0,34 0,27 0,29 

Source: Personal collection. 
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Figure 7. Boxplot for Precipitation of the West Mesoregion (Personal collection). 

As for PCD, there were also significant variations in the Northeast mesoregion, such as the 

lowest value of (0,08) in the pluviometric station of Conceição de Coité and the highest of 

(0.62) in the pluviometric station Curaçá. Besides the Northeast and Recôncavo, there were also 

significant variations in annual precipitation totals and in PCD in the São Francisco, Chapada 

Diamantina, Southwest and South mesoregions. Such behavior in these quantities indicates the 

complexity in the performance and influence of the different meteorological systems in the state 

during the year, as mentioned by Kousky (1979) and Araújo and Rodrigues (2000). 

Out of the Brazilian Northeast states, Bahia has the greatest diversity in the climatic 

conditions of the region. Therefore, each mesoregion of the state, as defined by Araújo and 

Rodrigues (2000), can be influenced by one or more meteorological systems, in a single period 

or in distinct periods throughout the year, acting with more or less intensities in different areas 

of each mesoregion. A clear example of this variability can be found in the municipalities of 

Valença and Santa Inês, both in the Recôncavo mesoregion, which are influenced by the same 

meteorological systems, in this case, cold fronts and breezes. However, the location of these 

municipalities is also one of the factors that influence the behavior of the rains, since those that 

are closer to the coast (e.g., Valença) have systems that act with more intensity. Consequently, 

the precipitation volumes are larger. Unlike the municipality of Santa Inês, relatively distant 

from the coast, where the same systems operate, although with less intensity, resulting, 

therefore, in lower rainfall volume. 

3.2. Analysis of PCD and PCP precipitation results 

Due to the lack of PCD and precipitation uniformity for the great majority of the stations 

in a same mesoregion, it was decided to study separately each of the main quantities that 

describe the rains’ behavior. 

3.2.1. Annual Precipitation 

 The spatial distribution of average annual precipitation is shown in Figure 8A. It is pointed 

out that this quantity varies between 241.0 mm, in the municipality of Coronel João Sá (located 

in the Northeast mesoregion), at 2049.4 mm, in the municipality of Valença (located in the 

Recôncavo mesoregion). It was also observed that the most expressive rainfall volumes have a 

greater distribution in the South and West mesoregions and in the localities closest to the 

Recôncavo coast and to the Northeast of the state. On the other hand, the smaller volumes are 

present in the North mesoregion, with precipitations around 500 mm. These results agree with 

the study prescribed in Braga et al. (1998). 
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Figure 8. Spatial Distribution: Precipitation (A); PCD (B) (Personal collection). 

3.2.2. Degree of precipitation concentration (PCD) 

The PCD spatial distribution is shown in Figure 8B, in which there is considerable 

variation in concentration, such as the lowest value found for the Prado municipality station 

(with 0.041) and the highest value in the Xique-Xique municipality station (with 0.659). This 

variation demonstrates the great climatic diversity in Bahia, mainly in relation to the rainfall 

regime, which suggests the performance and influence of different meteorological systems with 

divergent characteristics and in distinct areas of the state, such as in the central-west and north 

where the highest concentration was verified. 

It can be observed in these figures that high precipitation values do not mean homogeneity 

in its distribution over the years, as can be observed in the west and near the coast (Zona da 

Mata of Bahia), which are the areas that normally concentrate the largest precipitation 

accumulations. However, the PCD of these two areas is significantly different, i.e., in the west 

of the state, this degree is high, which characterizes the performance or influence of the 

meteorological systems that cause the rains in a single period during the year. In Zona da Mata, 

where PCD is low, rainfall usually occurs during most of the year, indicating, therefore, the 

performance or influence of meteorological systems with different characteristics, but in 

distinct periods. 

In addition, with respect to the two properties analyzed in the last two items, regions with 

similar values are pointed out, indicating possible division of the state, using these 

characteristics as parameters. 

3.2.3. Precipitation concentration period (PCP) 

From the statistical analysis, it was observed that the PCP of the 180 pluviometric and 

meteorological stations showed little variation. Given that the coverage degree of each month 

is approximately 15º, it was verified that out of the total of 180 points, 168 presented intense 

rains in the period between November and February, with PCP oscillating between 300º - 30º, 

thus characterizing summer rains occurring in most part of Bahia. These rains are part of the 

first rainy season, with the main causes being the passage of cold fronts and the action of the 

South Atlantic Convergence Zone (SACZ), which brings moisture to the Amazon region, 

resulting in rainfall intensification, mainly in the central-south and west of the state. 
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On the other hand, in March, only 9 (nine) of these stations had a higher concentration, 

with PCP around 60º. This month, the systems that operate during the summer are already losing 

strength, thus beginning the second rainy period of the state, mainly in the northern part, where 

the Intertropical Convergence Zone (ITCZ) is the meteorological system that influences the 

time with more intensity. In October and April, the number of points was even smaller, two (2) 

and one (1), respectively. 

Therefore, it was verified that the PCP quantity had greater significance in the period of 

the summer rains, when it defined the central-south and west range of the state as the greatest 

concentration area during that season. In other periods of the year, this quantity does not have 

a great influence in the definition of areas with periods of greater rainfall concentrations. 

3.3. New clusters proposed 

Considering the results obtained with the PCD, the annual precipitation and PCP analysis 

in the eight mesoregions defined by Araújo and Rodrigues (2000), where some variations and 

inconsistencies in their spatializations were found, the need for a refinement of these 

mesoregions arose. Thus, we propose an update of the zoning developed in 2000. Using the 

same parameters, it was possible to amplify these areas, allowing a better representation of the 

State rainfall regime during the year. Therefore, a subdivision of 10 clusters is proposed (Figure 

9). Municipal limits were disregarded.  

 
Figure 9. New Clusters proposed for Bahia, Brazil (Personal collection). 
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When comparing the map of the new clusters (Figure 9) with the map of the mesoregions 

defined by Araújo and Rodrigues (Figure 4), the most significant changes occurred in the 

Northeast and the Southwest mesoregions of the state, where the creation of two more areas 

was proposed. 

The insertion of one more area in the Northeast sector, besides the expansion to the north 

of Recôncavo mesoregion, is mainly due to the strong gradient in annual precipitation totals, 

where the values vary between 1200 mm in the localities closest to the coast (between the states 

of Bahia and Sergipe) and 700 mm in the more distant localities (in the border of Bahia and the 

west of Sergipe), as shown in Figure 10 Even if this area is influenced by the same 

meteorological systems, the intensity with which they act is quite diverse, being larger in the 

coastal strip (bringing more expressive rains) and reducing, significantly, when moving towards 

the interior. 

In the southwest of Bahia, the creation of one more area was also due to the strong gradient 

in annual precipitation totals, mainly in the South mesoregions range, where accumulations 

vary between 1300 mm and 2200 mm, and Southwest, where accumulations vary between 600 

mm and 800 mm. Therefore, in the new area (or new clustering), which is also influenced by 

the same meteorological systems of the South and Southwest mesoregions, the annual rainfall 

accumulations vary between 800 mm and 1300 mm (Figure 10). 

 
Figure 10. Pluviometric Map of Bahia State (Bahia, 2003) (Adapted). 
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In order to validate the suggested proposal, a statistical study is presented in Table 5 with 

the mean, standard deviation and coefficient of variation (cv) of the total annual precipitation 

and PCD for each cluster. According to the researched literature, there is no consensus 

regarding the homogeneity degree of the sample from the coefficient of variation. The criterion 

described in Ferreira (1991) will be adopted, in which values of cv up to 20% guarantee a good 

representativeness, until 30% the results are regulars and from this there is high dispersion of 

the data. 

Table 5. Statistical study to the new clusters. 

Cluster 
Mean 

Precipitation 

Standard 

Deviation 

Coefficient of 

Variation 

Mean 

PCD 

Standard 

Deviation 

Coefficient 

of Variation 

1 1386,51 386,35 28% 0,20 0,09 45% 

2 513,17 94,52 18% 0,61 0,04 6% 

3 991,68 64,47 7% 0,61 0,02 3% 

4 1293,30 173,46 13% 0,11 0,05 45% 

5 655,63 147,17 22% 0,36 0,12 33% 

6 628,59 78,46 12% 0,45 0,13 28% 

7 838,77 103,93 12% 0,28 0,04 14% 

8 746,66 85,33 11% 0,60 0,02 3% 

9 482,15 144,44 30% 0,25 0,10 40% 

10 690,80 171,93 25% 0,20 0,08 40% 

When analyzing Table 5, an optimum homogeneity is verified for the proposed groupings. 

In five of these, however, the cv was greater than 30% for PCD. However, it is known that the 

PCD is very sensitive to the data, since it varies from 0 to 1. In order to study the PCD for these 

groupings, it was decided to find the maximum and minimum values of this quantity for their 

stations. The values found are described in Table 6. 

 
Table 6. Amplitude of the PCD value for some clusters. 

Cluster Maximum PCD Minimum PCD 

1 0,35 0,06 

4 0,31 0,04 

5 0,62 0,15 

9 0,40 0,08 

10 0,36 0,12 

It is observed that, in general, the maximum and minimum values are not so high. Except 

for Cluster 5 (which presented a peak value of 0.62), the other values are considered low, in 

order to characterize more uniform rains throughout the year, regardless of the magnitude value. 

In addition, the proposed climatic sectorization is validated. 

From the validation of the proposal of sectorization of the state, it was possible to compare 

the obtained results with others found on literature. Braga et al. (1998), for example, determined 

nine groups for the State of Bahia, with some of them similar to those proposed by that research. 

However, analyzing Figures 2, 9 and 10 together, the South, the Southwest and the coastal 

region of the state became better represented by the mesoregions defined by the authors of that 

article, mainly on the aspect of the annual total precipitation. 

Dourado et al. (2013) also defined a sectorization of the State of Bahia, also under the 

aspect of the annual total precipitation. The study defined five groups, half of the proposed 

quantity by that research. Considering that it used only 92 pluviometric stations for analysis, 
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some areas of the state were not contemplated, thus reducing the efficacy of the research. 

Compared with the proposal of that article, the 180 employed stations managed to better 

represent Bahia and defined ten groups with homogenous hydric regime. 

4. CONCLUSIONS 

The study of Bahia State rainfall showed the great diversity of this phenomenon’s behavior 

in the state. Its rain distribution was found from the PCD, PCP and Annual Total Precipitation 

spatialization. The great variability of these characteristics was observed for the 180 

pluviometric stations studied, apart from PCP, which indicated that the precipitation of Bahia 

is basically concentrated between the months of November and February. 

On the other hand, that article served as a theoretical base to the update of the grouping 

proposal of Araújo and Rodrigues (2000) which presented non-uniformity to the rainfall 

parameters of some pluviometric stations belonging to the same mesoregion, except for the 

North and the West. Therefore, Bahia becomes better-represented through the climatic 

sectorization with 10 groups with proven validation through a statistical treatment of the data 

that indicated homogeneity of the rainfall indicators (annual total precipitation and PCD) to 

each defined group. 

5. ACKNOWLEDGEMENTS 

The authors are grateful for the support of Fundação de Amparo à Pesquisa do Estado da 

Bahia (FAPESB). 

6. REFERENCES 

ANDRÉ, R. G. B. et al. Identificação de regiões pluviometricamente homogêneas no estado do 

Rio de Janeiro, utilizando-se valores mensais. Revista Brasileira de Meteorologia, v. 

23, n. 4, p. 501-509, 2008. http://dx.doi.org/10.1590/S0102-77862008000400009 

ARAÚJO, H. A.; RODRIGUES, R. S. Regiões Características do Estado da Bahia para 

Previsão de Tempo e Clima. Salvador: SEINFRA; SRH; GEREI, 2000. 

BAHIA. Superintendência de Estudos Econômicos e Sociais. Mapa de pluviometria, Estado 

da Bahia. 2003. Altura: 1349 pixels. Largura: 613 pixels. Formato PDF.  

BERTONI, J. C.; TUCCI, C. E. M. Precipitação. In: TUCCI, C. E. M. Hidrologia: ciência e 

aplicação. Porto Alegre: UFRGS, 2007. p. 177-241. 

BADR, H. S. Regionalizing Africa: Patterns of Precipitation Variability in Observations and 

Global Climate Models. Journal of Climate, v. 29, n. 24, p. 9027-9043, 2016. 

https://doi.org/10.1175/JCLI-D-16-0182.1 

BRAGA, C. C.; MELO, M. L. D.; MELO, E. C. S. Análise de Agrupamento Aplicada a 

Distribuição da Precipitação no Estado da Bahia. In: CONGRESSO DE 

METEOROLOGIA, 10.; CONGRESSO DE FLISMET, 8., 1998. Anais... Brasília - DF, 

1998. 

CENTRO DE PREVISÃO DE TEMPO E ESTUDOS CLIMÁTICOS. Instituto Nacional de 

Pesquisas Espaciais. Climanálise: Boletim de Monitoramento e Análise Climática, n. 

especial, 1986. 

DOURADO, C. S.; OLIVEIRA, S. R. M.; AVILA, A. M. H. Análise de zonas homogêneas em 

séries temporais de precipitação no Estado da Bahia. Bragantia, v. 72, n. 2, p. 192-198, 

2013. http://dx.doi.org/10.1590/S0006-87052013000200012 



 

 

Rev. Ambient. Água vol. 13 n. 1, e2171 - Taubaté 2018 

 

18 Yagho de Souza Simões et al. 

FERREIRA, P. V. Estatística experimental aplicada à agronomia. Maceió: EDUFAL, 1991. 

FIRAT, M. et al. Classification of Annual Precipitations and Identification of Homogeneous 

Regions using K-Means Method. Teknik Dergi, v. 23, n. 115, p, 1609-1622, 2012. 

FREITAS, J. C. Análise de Agrupamentos na Identificação de Regiões Homogêneas de Índices 

Climáticos no Estado da Paraíba, PB–Brasil. Revista Brasileira de Geografia Física, v. 

6, n. 4, p. 732-748, 2013.  

GUEDES, R. V. S.; SOUSA, S. S.; SOUSA, F. A. S. Uso da entropia e da análise de 

agrupamento na avaliação da disponibilidade potencial de recursos hídricos do Nordeste 

do Brasil. Revista Ambiente & Água, v. 5, n. 2, p. 175-187, 2010. 

https://doi.org/10.4136/ambi-agua.146 

GÖPFERT, H.; ROSSETTI, L. A.; SOUZA, J. Eventos generalizados e seguridade agrícola. 

Brasília: IPEA, 1993. 65p. 

KELLER FILHO, T.; ASSAD, E. D.; LIMA, P. R. S. R. Regiões pluviometricamente 

homogêneas no Brasil. Pesquisa Agropecuária Brasileira, v. 40, n. 4, p. 311-322, 2005. 

http://dx.doi.org/10.1590/S0100-204X2005000400001 

KOUSKY, V. E. Frontal influences on northeast Brazil. Monthly Weather Review, v. 107, n. 
9, p. 1140-1153, 1979. https://doi.org/10.1175/1520-0493(1979)107<1140:FIONB>2.0.CO;2 

KYSELÝ, J.; PICEK, J.; HUTH, R. Formation of homogeneous regions for regional frequency 

analysis of extreme precipitation events in the Czech Republic. Studia Geophysica et 

Geodaetica, v. 51, n. 2, p. 327-344, 2007. https://doi.org/10.1007/s11200-007-0018-3 

OLIVEIRA-JÚNIOR, J. F. et al. Cluster analysis identified rainfall homogeneous regions in 

Tocantins state, Brazil. Bioscience Journal, v. 33, n. 2, p. 333-340, 2017. 

https://doi.org/10.14393/BJ-v33n2-32739 

PAULHUS, J. L. H.; KOHLER, M. A. Interpolation of missing precipitation records. Monthly 

Weather Review, v. 80, n. 8, p. 129-133, 1952. https://doi.org/10.1175/1520-

0493(1952)080<0129:IOMPR>2.0.CO;2 

SILVA, G. B.; SOUZA, W. M.; AZEVEDO, P. V. Cenários de Mudanças Climáticas no Estado 

da Bahia através de Estudos Numéricos e Estatísticos. Revista Brasileira de Geografia 

Física, v. 05, n. 05, p. 1019-1034, 2012.  

TEODORO, P. E. et al. Cluster analysis applied to the spatial and temporal variability of 

monthly rainfall in Mato Grosso do Sul State, Brazil. Meteorology and Atmospheric 

Physics, v. 128, n. 2, p. 197-209, 2016. 

http://onlinelibrary.wiley.com/doi/10.1002/joc.3926/ 

TERASSI, P. M. B.; GALVANI, E. Identification of Homogeneous Rainfall Regions in the 

Eastern Watersheds of the State of Paraná, Brazil. Climate, v. 5, n. 3, p. 53, 2017. 

https://doi.org/10.3390/cli5030053 

WARD, J. H. Hierarchical grouping to optimize an objective function. Journal American 

Association, v. 58, p. 236-244, 1963. https://doi.org/10.1080/01621459.1963.10500845 

XUMEI, L. et al. Spatial and temporal variability of precipitation concentration index, 

concentration degree and concentration period in Xinjiang, China. International Journal 

of Climatology. v. 31, p. 1679-1693, 2010.  



 

 

 

Ambiente & Água - An Interdisciplinary Journal of Applied Science 

ISSN 1980-993X – doi:10.4136/1980-993X 

www.ambi-agua.net 

E-mail: ambi.agua@gmail.com 

 

 

 

This is an Open Access article distributed under the terms of the Creative Commons 

Attribution License, which permits unrestricted use, distribution, and reproduction in any 

medium, provided the original work is properly cited. 

 

Land use and its impacts on the water quality of the Cachoeirinha 

Invernada Watershed, Guarulhos (SP) 

ARTICLES doi:10.4136/ambi-agua.2131 

 Received: 09 May. 2017; Accepted: 29 Nov. 2017 

Dhisney Gonçalves de Oliveira1; Reinaldo Romero Vargas1*; Antonio Roberto Saad1; 

Regina de Oliveira Moraes Arruda1; Fabrício Bau Dalmas1;                                                 

Fernanda Dall'Ara Azevedo2                     

1Universidade Guarulhos (UnG), Guarulhos, SP, Brasil 

Mestrado em Análise Geoambiental. E-mail: dhisneygoncalves@yahoo.com.br, rvargas@prof.ung.br, 

asaad@prof.ung.br, rarruda@prof.ung.br, fdalmas@prof.ung.br 
2Universidade Guarulhos (UnG), Guarulhos, SP, Brasil 

E-mail: fdallara.azevedo@gmail.com 
*Corresponding author 

ABSTRACT 
The urbanization process through which large urban centers have been passing has 

drastically affected the availability and especially the quality of water. The Cachoeirinha 

Invernada Watershed (CIW), located in the municipality of Guarulhos (State of São Paulo, 

Brazil), includes areas with different land use classes. This paper aims to correlate the spatial 

and temporal effects of land use and land cover on the water quality of the Cachoeirinha 

Invernada Watershed. In a period of 12 months and at six sampling points along the watershed, 

the physicochemical parameters temperature (T), pH, turbidity (TU), total solids (TS), electrical 

conductivity (EC), total phosphorus (TP), biochemical oxygen demand (BOD), as well as 

microbiological analysis (E. coli) were measured. Water quality was assessed using a modified 

version (WQIM) of the Water Quality Index (WQI) and the Trophic State Index (TSI). The areas 

surrounded by urban development presented a marked worsening in water quality, with the 

downstream point most affected and ranked as ‘POOR’. From the evaluated parameters, what 

contributed most to water quality degradation of the Cachoeirinha Invernada Watershed (CIW) 

was E. coli, followed by BOD, and TP, all parameters related to the presence of sewage in the 

water. The need for the construction of sewerage and waste treatment, protection and recovery 

of riparian forests, and environmental education regarding waste disposal are necessary to 

significantly improve the environmental quality of the Cachoeirinha Invernada Watershed. 

Keywords: environmental degradation, eutrophication, urban waters, water pollution. 

Uso da terra e seus impactos na qualidade da água da bacia 

hidrográfica Cachoeirinha Invernada, Guarulhos (SP) 

RESUMO 
O processo de urbanização pelo qual passaram os grandes centros urbanos afetou 

drasticamente a disponibilidade e, em especial, a qualidade da água. A bacia hidrográfica 

Cachoeirinha Invernada (BHCI), localizada no município de Guarulhos (Estado de São Paulo, 

Brasil), inclui áreas com diferentes classes de uso do solo. Este trabalho tem como objetivo 
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correlacionar os efeitos espaciais e temporais do uso da terra e da cobertura do solo na qualidade 

da água dessa bacia hidrográfica.. Foram analisados, em um período de 12 meses e em seis 

pontos de amostragem na área da bacia hidrográfica, parâmetros físico-químicos como a 

temperatura (T), pH, turbidez (TU), sólidos totais (ST), condutividade elétrica (CE), fósforo 

total (FT), demanda bioquímica de oxigênio (DBO), bem como análise microbiológica (E. coli). 

A qualidade da água foi avaliada usando uma versão modificada (WQIM) do Índice de 

Qualidade da Água (IQA) e do Índice do Estado Trófico (IET). As áreas cercadas pelo 

desenvolvimento urbano apresentaram um acentuado agravamento na qualidade da água, com 

o ponto a jusante mais afetado e classificado como 'POBRE'. A partir dos parâmetros avaliados, 

o que mais contribuiu para a degradação da qualidade da água da BHCI foi E. coli, seguido de 

DBO e FT, parâmetros esses relacionados à presença de esgoto na água. A necessidade de 

construção de esgoto e tratamento de resíduos, proteção e recuperação de matas ciliares e 

educação ambiental com foco na eliminação de resíduos são necessárias para melhorar 

significativamente a qualidade ambiental da bacia hidrográfica Cachoeirinha Invernada. 

Palavras-chave: degradação ambiental, eutrofização, águas urbanas, poluição da água. 

1. INTRODUCTION 

The rapid growth of urban centers in the last decades has promoted disordered land 

occupation and use, resulting in adverse environmental transformations, in particular in large 

Brazilian cities (Santos, 2011). According to Ott (2004), this urbanization model, characterized 

by bad public and private administration, causes a variety of negative impacts to the 

environment, among them the lack of sanitation and consequent pollution of water bodies, 

which are impacts associated with urban environments. The search for a place to live, especially 

when it comes to the lower-income class, leads to the occupation of fragile areas and 

consequently to a decrease in environmental quality (Mueller, 2007). The significant 

encroachment of urban areas upon the natural environment have caused countless negative 

impacts on the quality of the urban environment, especially impacts concerning the use of water 

resources (Braga e Carvalho, 2003). 

The watersheds have been used as units of analysis in environmental studies, because 

interactions between the characteristics of the physical and biotic systems in these units and a 

variety of land use classes are observed, which reflect in the water body quality (Botelho e 

Silva, 2004). Therefore, the use of water as a geoindicator of the environmental quality is 

possible for a hydrographic basin. The hydrographic basin is a favorable ecosystem for practical 

management and by means of indicators obtained from its water courses, the quantification and 

the estimate of how much human activity interferes in natural systems is possible (Gama, 2003). 

Water quality plays a fundamental role in human life and in ecosystem health. By means 

of physicochemical and microbiological parameters, it is possible to estimate the environmental 

quality of a certain region, for instance, a hydrographic basin. To analyze water quality, several 

indicators are used, such as the Water Quality Index (WQI) and the Trophic State Index (TSI). 

WQI is one of the most-used indices in Brazil to estimate the water quality of a water body. It 

was developed by the National Sanitation Foundation in 1970 in the USA, and was later adapted 

by CETESB (Environmental Company of the State of São Paulo). It is an index composed of 

nine parameters particularly sensitive to contamination by domestic sewage, which explains its 

use, since sewage is the main source of contaminants in Brazil (ANA, 2013). TSI classifies the 

water bodies with respect to the trophic grade, that is, nutrient availability in water (Esteves, 

2011). The main nutrient that causes eutrophication is phosphorus, which can be found in 

natural environments, in phosphate rocks, in the inflow of untreated domestic sewage, and 

associated with the use of fertilizers in agriculture (Pantano et al., 2016). TSI classifies a water 
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body in six trophic classes, according to the total phosphorus concentrations in the water. The 

conditions favorable to eutrophication are those of a lentic environment, characterized by the 

presence of nutrients, high temperatures, high radiation levels, low turbidity and high residence 

time of water. Water bodies of lotic environments classified as eutrophic, supereutrophic or 

hypereutrophic rarely show eutrophication. However, it is by means of rivers and brooks that a 

great part of nutrients reach lakes and reservoirs (ANA, 2013; Vargas et al., 2015). 

The Municipality of Guarulhos is in full urban expansion. It is not an exception when it 

comes to problems related to planning, which result in degradation of natural environments, 

induced by industries, roads, an airport, real estate development, services and significant 

construction, such as the installation of the northern segment of the Mário Covas Ring Highway, 

now finished (Andrade et al., 2008a; Mesquita, 2011; DERSA, 2016). 

In face of this urban expansion, the Cachoeirinha Invernada Watershed (CIW), which is 

part of the Baquirivu Guaçu River Watershed (BGRW), was selected, with the aim of 

correlating the spatial-temporal effects of land use and cover on water quality by means of 

physicochemical and microbiological parameters. 

2. MATERIALS AND METHODS 

2.1. Location and characteristics of the study area 

The Municipality of Guarulhos is located in the northern portion of the São Paulo 

Metropolitan Region (SPMR). According to the Brazilian Institute of Geography and Statistics,  

it is the second major city of the State of São Paulo, with a population of approximately 1.3 

million inhabitants distributed in an area of 320 km² (IBGE, 2013). 

The study area is located in the northern portion of Guarulhos (GRAÇA, 2007; Figure 1). 

The relief in this region is very steep, with expressive elevations represented by the Itaberaba 

and Bananal ridges. Metamorphic and igneous rocks predominate and the drainage shows a 

dendritic pattern, constituting watershed zones. Regarding land occupation, there is a 

predominance of rural classes, and intensive transformation resulting from the implantation of 

the northern segment of the Mario Covas Ring Highway and of new neighborhoods (Saad et 

al., 2013), characterized by a low-income population and deficiency in urban infrastructure 

(Mesquita, 2011). 

According to Andrade et al. (2008b) and Miranda et al. (2009), Guarulhos has an average 

annual temperature between 18ºC and 19ºC, the lowest monthly average is below 15ºC, and in 

the hottest months (summer) the average varies between 23ºC and 24ºC. The annual rainfall of 

the municipality of Guarulhos is between 1,250 and 1,500 mm. 
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Figure 1. Location of Cachoeirinha Invernada Watershed, Guarulhos (SP).   

2.2. Preparation of the land use and occupation map 

The land use and occupation map was prepared in two phases. In the first, remote sensing 

techniques were applied, including photo interpretation and recognition of homogeneous land 

cover. The second phase involved mapping by means of digitalization of layers on the orbital 

image. 

An image taken by Pleiades on August 3rd, 2014 was used for photo interpretation, with a 

spatial resolution of 50 cm. The Object-Oriented Combination technique, which is an important 

tool for the effective classification and mapping of land use classes, was adopted in this study 

(Duveiller et al., 2008). This phase focused on the characterization of visual aspects of the 

observed objects, which allows their recognition and identification. Therefore, the following 

parameters of the objects present in the Pleiades scene were considered: color, texture, 

geometry (shape), size, orientation and spatial distribution. 

The objects were analyzed regarding the occupation pattern by means of parameters related 

to occupation density (number of lots per area unit), ordering (street, block and lot layouts), and 

stage of occupation (consolidation level), according to criteria established by Tominaga et al. 

(2004). 

Digitalization was performed after the vectorialization of the objects classified by the 

Object-Oriented Combination technique. Considering the scale of the project (1:10,000), the 

minimum polygon size was defined adopting the IBGE (2013) criterion of 50 x 50 m2                                          

(5 x 5 mm2). All the procedures were developed using ArcGIS, Version 10 (ESRI, 2013). 

2.3. Water sampling and analysis 

For the analysis of the CIW water quality, six points were selected for sampling (P1 to P6), 

which took place bimonthly from September 2015 to August 2016 (12-month period), resulting 

in six sample-collecting campaigns. The selection of sampling points (Figure 2) was based on 

the coverage (size of the drainage surface), and of regions distinguished by types of land use. 

In the northern part, more preserved and natural areas predominate, whereas in the southern 

part, mostly urbanization predominates. Point P1 (23º23’31.55’’ S and 46º29’48.22’’ W), with 

an altitude of 935 m, is located upstream along the Invernada Brook, close to the basin limit in 

the northeastern portion, which is also a forested area. Point P2 (23º23’56.94’’ S and 

46º30’07.53’’ W), with an altitude of 791 m, is located in the margin of a small, artificial lake. 
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Point P3 (23º24’10.96’’ S and 46º30’31.27’’ W), with an altitude of 782 m, is located in the 

Taquara do Reino Brook (a tributary of the Invernada brook) and is influenced by intensive 

residential occupation. Point P4 (23º24’29.48’’ S and 46º30’42.93’’ W), with an altitude of                

778 m, is located in a tributary of the Cachoeirinha Brook, upstream from the intersection with 

the Invernada Brook, on the Recreio São Jorge road, in an area with more preserved vegetation. 

Point P5 (23º24’42.58’’ S and 46º30’09.87’’ W), with an altitude of 753 m, is located in the 

Cachoeirinha Brook, downstream from the intersection with the Invernada Brook, with 

predominance of urban occupation and exposed soil. Point P6 (23º25’32.23’’ S and 

46º29’51.42’’ W), with altitude of 742 m, is located in the urban area, close to the CIW outlet, 

approximately 470 m downstream from the Baquirivu Guaçu River. 

The samples were collected according to the National Guide for Collecting and 

Preservation of Samples (ANA e CETESB, 2011) and were analyzed in the field and in the 

laboratory. The field determinations were hydrogen potential (pH) (portable Digimed DM-2 

pHmeter), dissolved oxygen (DO) (Digimed DM-4 oximeter), turbidity (TU) (Quimis Q 279P 

turbidity meter), electrical conductivity (EC) and temperature (T) (Digimed DM-3 conductivity 

meter coupled to a digital thermometer). In the laboratory total phosphorus (TP), total solids 

(TS) and Escherichia coli (E. coli) were analyzed according to the Standard Methods for the 

Examination of Water and Wastewater (APHA, 2012). The biochemical oxygen demand 

(BOD) was determined using BOD electronic analyzers and the manometric method (VELP, 

2016). The results of the analyses made in the field and in the laboratory were checked by 

comparing them with standards established by CONAMA Resolution 357/2005 (CONAMA, 

2005) and with Class 3 water bodies, according to the classification in State Decree 10755 (São 

Paulo, 1977). To evaluate the effect of seasonality on the performed analyses, the data were 

separated into the dry periods (n = 3), for the months of May, August and September, and the 

rainy season (n = 3), for the months of January, March and November. The data were treated 

applying descriptive statistics (Box-plot, mean and standard deviation). The method developed 

by Posselt and Costa (2010) for Pareto or ABC analysis applied to water quality was used to 

classify the parameters analyzed in relation to the decrease in the WQI value. The analyzed 

parameters are classified in decreasing order and the higher the percentage of the parameter, 

the greater the contribution in the decrease of the WQI. 

2.3.1. The Modified Water Quality Index – WQIM 

Besides the water quality index WQI, a modified WQI (WQIM), as proposed by RIBEIRO 

(2016), was obtained. No substantial differences were observed in water quality classification 

by the WQIM and the WQI (CETESB, 2013). In this manuscript, WQIM values will be reported 

as WQI. According to CETESB (2013), WQI is a number that varies from 0 to 100, classifying 

water quality in the following categories: EXCELLENT (79< WQI ≤ 100); GOOD                                  

(51< WQI ≤ 79); AVERAGE (36< WQI ≤ 51); BAD (19< WQI ≤ 36) and POOR (WQI ≤ 19). 

2.3.2. Trophic State Index – TSI 

To calculate the Trophic State Index (TSI), a method adapted by Lamparelli (2004) was 

used, in which only total phosphorus values are used for rivers. IET values are classified 

according to trophic state classes established by Lamparelli (2004): Ultra Oligotrophic                   

(TSI≤ 47); Oligotrophic (47< TSI ≤ 52); Mesotrophic (52< TSI ≤ 59); Eutrophic                                   

(59< TSI ≤ 63); Supereutrophic (63< TSI ≤ 67); and Hypereutrophic (TSI>67). 

 

3. RESULTS AND DISCUSSION 

The Cachoeirinha Invernada Watershed encompasses an area of 7.6 km2 and includes 

zones with both rural and urban characteristics, as can be seen in the land use and occupation 
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map (Figure 2). The most representative class is the forested area, covering 40.61% of the total 

area. In decreasing order, the classification is as follows: residential urban use – 38.92%; 

reforesting – 13.02%; exposed soil – 1.27%; sheds and yards (parking of equipment) – 0.88%; 

grassland – 0.63%; small farms – 0.54%; and unconsolidated residential urban use – 0.88%. 

Water samples from the Cachoeirinha Invernada Watershed were collected from 

September 2015 to August 2016, and the results of the physical, chemical and microbiological 

parameters are presented in Figure 3. 

Point P1 is located further upstream along the Invernada Brook, close to the CIW limit in 

the northeastern most portion, which is mostly covered by forest. There is a dirty road close to 

P1 and signs of anthropic influence are evidenced by the noticeable presence of certain forms 

of residues. The best values for the parameters analyzed in this study were found at P1, the 

region covered by natural vegetation. Several authors, who also attest that the most well-

preserved areas supply water of good quality (Pereira et al., 2016; Carvalho et al., 2016; Vargas 

et al., 2015), obtained similar results. These results indicate good water quality in P1, 

corroborating the land use map, which classified this portion of the basin as a forested area. 

Despite being in a better-preserved area, high E. coli concentrations were recorded at P1, which 

can be explained by the circulation of warm-blooded animals and the easy access of people. 

At point P2, which is also located in a vegetated area, the anthropic interference is more 

intense when compared to point P1, due to the proximity to the Mário Covas Ring Highway 

and to small agricultural farms. E. coli and BOD values were higher than those obtained for 

point P1, indicating fecal contamination. 

Point P3 was characterized as a site affected by significant anthropic activity. It is located 

in the Taquara do Reino Brook (tributary of the Invernada brook) in the Novo Recreio 

neighborhood, where residential occupation is intensive, with no proper urban infrastructure 

and predominance of dirt roads (Mesquita, 2011; Sato et al., 2011). These characteristics led to 

significant variations in the parameters, such as decrease in DO and high E. coli, TP and BOD 

concentrations. Of the first three points (Invernada Brook), P3 is the one that presented the 

worst water quality. 

Electrical conductivity expresses the capacity of water to conduct electrical current, and is 

dependent on the concentrations of the ions present in it. Several authors have reported the use 

of electrical conductivity in the assessment of the impact caused by pollutants in aquatic 

environments, such as rivers (Thompson et al., 2012; Uwidia e Ukulu, 2013; Vargas et al., 

2015) and lakes (Das et al., 2006; Costa e Henry, 2010). When measuring the electrical 

conductivity values along CIW, it may be observed that, besides being a fast and efficient 

method, it is an efficient indicator of contamination caused by domestic effluents. Vargas et al. 

(2015) assessed the water quality of the Taquara do Reino hydrographic basin, which is a CIW 

sub-basin, using various physicochemical and microbiological parameters. The authors found 

out that in the watershed the water quality was excellent, whereas along its course the water 

quality worsened with the discharge of in natura sewage. Similar results were obtained for point 

P3, significantly affected by anthropic action. It coincides with the outlet of the Taquara do 

Reino watershed, yielding high BOD values, decrease in DO, high TP and E. coli values, which 

are parameters characteristic of sewage contamination (Von Sperling, 2005). The high turbidity 

and total solids values obtained for point P3 are explained by the discharge of untreated sewage 

and the fact that it is a steep region with landslide-prone areas, where erosion and environmental 

degradation contribute to the inflow of solids to water bodies (Mesquita, 2011; Sato et al., 

2011). 
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Figure 2. Map of land use and occupation classes in the 

Cachoeirinha Invernada Watershed, together with the water 

sampling points. 
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Figure 3. Physicochemical and microbiological parameters of the Cachoeirinha 

Invernada Watershed waters from September 2015 to August 2016 and 

CONAMA 357/05 limits for Class 3. Legend: a. pH = Hydrogen Ionic potential, 

b. EC = electrical conductivity, c. DO = dissolved oxygen, d. BOD = biochemical 

oxygen demand, e. log(E.coli) = log(Escherichia coli), f. TP = Total Phosphorus, 

g. TS = Total Solids, h. TU = turbidity. 
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Point P4 is located in a tributary of the Cachoeirinha Brook, upstream from the intersection 

with the Invernada Brook on the Recreio São Jorge road. Differently from point P3, point P4 is 

located in a more-preserved area, where vegetation (pasture/riparian forest) and reforestation 

(silviculture) predominate, but it is under anthropic influence. It yielded high E. coli and TP 

values for a Class 3 water body, but they are lower than those obtained for point P3. DO and 

BOD values are below the limits established by CONAMA Resolution 357/05. Located in an 

area of both natural riparian forest and reforestation, drainage is influenced by the ring highway 

works. However, total solids and turbidity values are also below the limits established by the 

legislation in force. The Pareto analysis for point P4 indicates that fecal contamination 

contributes with 53% and both TP and BOD with 16% each to the deterioration of the water 

quality. 

Points P5 and P6, inserted in the most urbanized areas of CIW and downstream from the 

intersection between the Invernada and Cachoeirinha Brooks, are sites that underwent major 

transformations, in particular point P6. Soil imperviousness caused by urbanization greatly 

contributes to the degradation of the water bodies by the discharge of nutrient and organic 

matter, as well as diffuse contaminants contained in the surface runoff (Tucci, 2008; Campos, 

2011). 

Point P6 is the only sampling point of the southern portion of CIW, where urbanization 

and anthropic activities predominate. It is located close to the CIW outlet, approximately 470 

m upstream from the Baquirivu Guaçu River. From points P5 to P6, the land use classes change, 

with  residential class prevailing on one of the margins of the water body and other classes, 

such as agriculture, exposed soil and vegetation (countryside) on the other margin. Point P6 

yielded the highest electrical conductivity values, as water percolates both urbanized and 

cultivation areas, the latter contributing to the inflow of ionic species via fertilizers. Moura et 

al. (2010) explain that high concentrations of ions are related to the characteristics of the 

watershed and to the inflow of products used as inputs by industrial and agricultural sectors and 

domestic sewage. 

The microbiological analyses revealed high E. coli concentrations at points P5 and P6. The 

Pareto analysis showed that at point P6 the E.coli concentrations exceeded the maximum limit 

of 1.21 x 106% established by the legislation in force. The results of the microbiological 

analyses recorded an increase in the E. coli concentration along the watershed, similarly to the 

other parameters, confirming that the deterioration of the water quality is a function of the 

different land use classes. 

In order to evaluate the effect of seasonality, the results were separated into dry and rainy 

seasons (Table 1). The characteristic temperatures of the Guarulhos region, lower temperatures 

in the drier periods and higher temperatures in the rainy season, can be observed in Table 1. 

The values of pH in the rainy season had a decrease, that is, the waters were more acidic. 

Similar results were observed by Grieco et al. (2017), Purandara et al. (2012) and Bayram et al. 

(2013) and this decrease in pH is attributed to the increase of organic matter and other wastes 

carried by the rains. 

The BOD and TP parameters in the areas near points P1, P2 and P4 that have vegetative 

cover did not present large differences between the dry and rainy seasons, but the most 

urbanized points, such as P3, P5 and P6, show higher values for dry seasons, indicating that in 

the rainy season the dilution of the pollutants occurs, due to the waterproofing of the soil. 

The DO parameter presented higher values in the rainy season, with the only exception 

being point P1, which did not have significant alteration. This increase of DO in the rainy season 

is justified by increased of the velocity of the water flow due to the rains, which exerts an 

influence on the concentration of DO in the water. The increase of water flow causes the 

increase of the turbulence, of aeration and, consequently, the solubility of the oxygen (Krupek 

et al., 2008). 
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The total solids (TS) in the rainy season presented higher values, with more significant 

differences for the points P2, P3, P5 and P6. The most preserved points, P1 and P4, presented 

small variation between the rainy and dry periods. Point P2, due to the works of the Mário 

Covas Ring Highway and constant mass movement in the region, led to the silting process near 

the point of collection. The other points in urban areas (P3, P5 and P6) presented higher values 

in rainy season due to soil sealing and surface runoff. Ríos-Villamizar et al. (2011), De Azevedo 

Lopes and Magalhães Júnior. (2010), also observed these higher values of total solids in the 

rainy season. 

Regarding the analysis of water quality in terms of the water quality index, the inflow of 

pollutants due to the lack of basic sanitation is evident. The modified water quality index (WQI) 

along the basin, calculated as shown in Figure 4, shows that the mean water quality during the 

12-month sampling period was GOOD only at point P1. At point P2, also located in a well-

preserved region, the mean water quality was AVERAGE, and WQI oscillated from GOOD to 

BAD, indicating the beginning of the environmental degradation process.  
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Table 1. Mean values and standard deviation of the physicochemical and microbiological water parameters in the dry and rainy periods in the Cachoeirinha Invernada 

Watershed from September 2015 to August 2016 and CONAMA 357/05 limit. 

Legend: pH = Hydrogen Ionic potential, T- Temperature, TP = Total Phosphorus, log(E.c) = log(Escherichia coli), DO = dissolved oxygen, BOD = biochemical oxygen 

demand, EC = electrical conductivity, TU = turbidity, TS = Total Solids, n.e.- not established. * Class 3. 

 

Dry season 

Sampling points pH (upH) T (oC) TP (mg.L-1) 
Log (Ec) 

(UFC.100mL-1) 

DO 

(mg.L-1) 

BOD 

(mg O2.L
-1) 

EC 

(μS.cm-1) 
TU (NTU) TS (mg.L-1) 

P1 7.4 ± 0.6 13.2 ± 2.3 0.04 ± 0.05 4.2 ± 4.2 10.3 ± 1.7 2 ± 2 57 ± 6 1 ± 1 68 ± 48 

P2 7.3 ± 0.8 14.4 ± 3.1 0.02 ± 0.02 3.9 ± 4.1 9.1 ± 2.1 9 ± 8 110 ± 9 4 ± 3 100 ± 80 

P3 7.3 ± 0.8 16.8 ± 2.1 1.69 ± 1.18 6.0 ± 6.0 4.1 ± 1.6 67 ± 22 459 ± 8 98 ± 65 253 ± 189 

P4 7.0 ± 0.6 15.2 ± 3.3 0.34 ± 0.19 5.5 ± 5.5 6.8 ± 2.0 6 ± 5 243 ± 50 44 ± 41 189 ± 96 

P5 7.2 ± 0.7 16.6 ± 3.4 0.67 ± 0.70 5.5 ± 5.5 5.9 ± 2.1 42 ± 13 329 ± 34 74 ± 80 249 ± 190 

P6 7.4 ± 0.6 18.3 ± 4.1 3.33 ± 0.86 7.1 ± 6.9 2.4 ± 1.9 122 ± 64 557 ± 56 106 ± 77 506 ± 322 

Rainy season 

Sampling points pH (upH) T (oC) TP (mg.L-1) 
Log (Ec) 

(UFC.100mL-1) 

DO 

(mg.L-1) 

BOD 

(mg O2.L
-1) 

EC 

(μS.cm-1) 
TU (NTU) TS (mg.L-1) 

P1 6.7 ± 0.5 20.4 ± 0.3 0.01 ± 0.00 3.5 ± 3.4 10.0 ± 4.5 7 ± 1 52 ± 9 2 ± 2 132 ± 150 

P2 6.3 ± 0.4 22.0 ± 0.4 0.01 ± 0.00 6.1 ± 6.4 10.3 ± 5.2 11 ± 1 124 ± 14 107 ± 114 240 ± 178 

P3 6.6 ± 0.4 22.1 ± 1.2 0.40 ± 0.68 6.5 ± 5.3 7.0 ± 2.3 58 ± 6 493 ± 47 44 ± 15 564 ± 440 

P4 6.2 ± 0.4 21.6 ± 1.1 0.42 ± 0.72 5.1 ± 4.5 7.6 ± 3.6 10 ± 5 239 ± 21 27 ± 6 216 ± 194 

P5 6.4 ± 0.4 22.2 ± 1.2 0.01 ± 0.00 5.1 ± 4.6 6.4 ± 1.8 28 ± 14 306 ± 30 37 ± 16 672 ± 349 

P6 6.6 ± 0.4 23.5 ± 2.2 2.37 ± 3.25 7.6 ± 7.6 4.0 ± 1.9 86 ± 1 508 ± 17 69 ± 19 1702 ± 1626 

CONAMA 

357/05 * 
6.0 to 9.0 n.e. max. 0.15 max 3.4 min. 4.0 max. 10 n.e. max. 100 n.e. 
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The presence of a natural riparian forest close to point P4 does not lessen the impacts 

caused by anthropic activity, as the mean water quality given by WQI was BAD, varying from 

AVERAGE to BAD. For points P3 and P5, the mean classification was BAD, oscillating 

between BAD to POOR. Point P6, which is the CIW outlet to the Baquirivu-Guaçu River, and 

has water classified as POOR, reflecting the disordered urban occupation and lack of basic 

sanitation in CIW. 

The WQI in the dry period for points P1 (60), P2 (56) and P4 (35) were higher than those 

observed in the rainy season, P1 (56), P2 (37) and P4 (33). However, the WQIs in the rainy 

season for points P3 (22), P5 (27) and P6 (15) were higher than the WQIs in the dry period, P3 

(16), P5 (20) and P6 (11). For the most urbanized points, P3, P5 and P6, the WQI values were 

better in the rainy season, due to the effect of soil sealing and dilution of pollutants. Andrietti 

et al. (2016) studying the waters of the Caiabi River (MT, Brazil) described that the presence 

of riparian forest and vegetation cover aid in the improvement of the WQI and do not present 

great variation with the seasonality. 

 
Figure 4. WQI of the Cachoeirinha Invernada Watershed from September 2015 

to August 2016. 

The main sources of phosphorus to the aquatic environment are rocks, domestic sewage 

and nonpoint agricultural sources (Pompêo and Moschini-Carlos, 2003). The presence of 

phosphorus in high quantities leads to the eutrophication of water bodies (Esteves, 2011). In 

lotic environments, high phosphorus and low chlorophyll concentrations can be found, but 

chlorophyll may not even be detected, due to the great relation between the water volume and 

the region of the margins, as well as the high water flow (Farage et al., 2010; Saad et al., 2013). 

Therefore, the Trophic State Index (TSI), because of the steep relief and high water flow in 

CIW, was calculated using the total phosphorus concentration only. 

The conditions of the CIW brooks can be characterized as oligotrophic at points P1 and P2 

during the 12-month sampling period, which correspond to the most favorable environmental 

conditions in CIW, with clean water bodies and with no undesirable interferences (presence of 

nutrients) when it comes to the use of the water. Point P3 is characterized by a super eutrophic 

condition, as obtained by Vargas et al. (2015), indicating anthropic activity with undesirable 

impacts on water quality. A eutrophic state class was obtained for point P4, with traces of 

anthropic interferences in the vicinity, but still preserving good environmental conditions. The 

trophic index at point P5 was favorable, because, even if located in an urbanized region, a 
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mesotrophic state class was indicated. The great number of springs on the left margin helped 

maintain nutrient concentrations at acceptable levels, enabling the development of small fish 

species. Point P6 was classified as hypereutrophic, because the CIW waters cross large areas of 

the consolidated urban region, contributing with water contaminated by high concentrations of 

organic matter and nutrients to the Baquirivu Guaçu River. 

4. CONCLUSION 

In face of the water crisis that occurred in Southeastern Brazil from 2014 to 2016, the 

Municipality of Guarulhos, because of its significant volumes of water for consumption, could 

contribute in a more effective way to the production and supply of water of quality to the São 

Paulo Metropolitan Region. However, when assessing the quality of the CIW waters, the 

present study detected a considerable water decrease, as the natural water system undergoes 

anthropic interferences. 

It became evident in this study that the high E. coli, BOD and TP concentrations, resulting 

from the lack of sewerage and sewage disposal either on soil or directly into water bodies, are 

predominant factors leading to the degradation of water quality. Regarding the limits 

established by CONAMA 357/05 (CONAMA, 2005), even for Class 3 water bodies, several 

physicochemical and microbiological parameters exceeded such limits, in particular the 

microbiological parameter. 

Temporal influence on water quality was observed in a more significant way for the 

urbanized areas. The preserved areas that present a riparian forest and vegetation cover were 

very close values for the analyzed parameters and consequently the WQI values. 

Preventive measures, such as protection and recovery of natural riparian forests, sewage 

collecting and treatment in the CIW urban areas by means of wastewater treatment plants, and 

environmental education focusing on disposal of urban waste, will certainly contribute to a 

significant improvement of the CIW environmental quality. 
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ABSTRACT  
The knowledge of water availability is the basis for water resource planning and 

management. The Soil Map Units of the State of Minas Gerais were interpreted from the 

perspective of Hydrologic Groups based on the Curve Number - Soil Conservation Service 

method, with the addition of pedological elements of the mapped units. The generated products 

were used in three different physiographic environments of the Minas Gerais State. According 

to results, most of Minas Gerais falls within Hydrologic Groups A and B, indicating that the 

soils in these areas present low surface runoff and high water infiltration rates. The 

characterization and spatialization of the hydrological regime, with emphasis on information 

about the soils of Minas Gerais, as applied this study, has a level of detail not yet employed in 

studies of this scope, apart from the initiative to interpret them from the perspective of soil 

hydrological groups. The mapping of the three water resources planning and management units, 

composed of distinct environments, from the perspective of hydrological groups, allowed 

verification of the proposed methodology’s potential, which can be used to support the 

management and planning of the water resources of Minas Gerais. Interpretive studies of soil 

maps from a hydrological perspective are essential to improve our understanding of water 

surpluses in a given region. 

Keywords: curve number method, planning and management units, water resources. 

Unidades de mapeamento de solos de Minas Gerais sob a perspectiva 

de Grupos Hidrológicos 

RESUMO 
O conhecimento da disponibilidade hídrica é básico para a gestão e planejamento dos 

recursos hídricos. O objetivo deste trabalho foi interpretar as unidades de mapeamento de solos 

do estado de Minas Gerais sob a ótica dos grupos hidrológicos conforme método do Número 

da Curva (Curve Number – Soil Conservation Service). Para avaliar os produtos gerados, 

aplicou-se o procedimento em três ambientes fisiográficos distintos do estado. De acordo com 

os resultados, a maior parte do estado de Minas Gerais se enquadra nos Grupos Hidrológicos A 
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e B, indicando que os solos nestas áreas apresentam baixo escoamento superficial e alta taxa de 

infiltração de água. A caracterização e espacialização do regime hidrológico, com ênfase na 

informação sobre os solos do Estado de Minas Gerais, aplicados neste estudo, tem um nível de 

detalhe ainda não empregado em estudos deste escopo, além da iniciativa de interpretá-los na 

perspectiva de grupos hidrológicos do solo. O mapeamento das três unidades de planejamento 

e gestão de recursos hídricos, compostas por ambientes distintos, na perspectiva dos grupos 

hidrológicos, permitiu verificar a potencialidade da metodologia proposta, que pode ser 

utilizada para subsidiar a gestão e o planejamento dos recursos hídricos do Estado de Minas 

Gerais. Estudos sobre interpretações de mapas de solo do ponto de vista hidrológico são 

essenciais para melhorar a nossa compreensão sobre os excedentes de água em determinada 

região. 

Palavras-chave: método do número da curva, unidades de planejamento e gestão, recursos hídricos. 

1. INTRODUCTION 

The Curve Number method (CN) is an empirical model for predicting direct runoff. It was 

developed by the United States Department of Agriculture (USDA) Soil Conservation Service 

(SCS) (Arnold et al., 1995), and groups soils into four hydrological groups (HG’s) (A, B, C, 

and D). These groups correspond to decreasing degrees of infiltration capacity and, therefore, 

increasing direct surface runoff.  

Grimaldi et al. (2013) revealed limitations of the SCS-CN method and proposed a 

methodology that combines the simplicity of the SCS-CN method and the physical behavior of 

the Green-Ampt model, obtaining satisfactory results.  

Ogden et al. (2017) demonstrated the well-documented limitations of the SCS-CN method 

and the need for advances in this kind of method. However, even with the SCS-CN method 

model limitations, it is still used successfully today, whether in engineering designs, or inserted 

in parts of other models (Mello et al., 2016). 

In Brazil, one of the difficulties to estimate CN is related to the soil hydrological 

classification, because there are soils that do not fit in hydrologic groups defined by the SCS 

(Sartori et al., 2005). Thus, their adaptation for use in tropical regions requires an adequate 

calibration to obtain consistent results (Mello and Silva, 2013). 

An important step in calibration is the classification of soil into hydrologic groups; 

however, there is a great divergence between the methods used in this classification that 

generally are based on soil hydraulic conductivity values, infiltration capacity or soil particle 

size distribution (Fiori et al., 2010). Sartori et al. (2005) proposed a classification of the 

hydrologic groups for the soils of São Paulo State, where the authors highlighted the 

differentiated behavior between the soils of this state without hydrologic classification and soils 

to which a hydrologic classification had been assigned. Thus, an alternative or complementary 

methodology, such as the one presented in this work, is important to assist in the differentiation 

of the hydrologic groups of Minas Gerais State. 

The methodology presented does not restrict the classification to only one soil property, as 

commonly done in hydrologic classification, but encompasses the current body of knowledge 

regarding soil water behavior, which allows a better adjustment of hydrological models. 

A major hypothesis of the study is that the availability of surface runoff estimation and the 

interpretation of soil mapping units, from the perspective of the Hydrologic Groups of Minas 

Gerais State, will support the management and planning of water resources. 

The aim of this study was the interpretation of soil mapping units of the Minas Gerais State 

(FEAM 2010) from the perspective of the Hydrologic Groups, according to the Curve Number 

method developed by the SCS-USDA, USA. 
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2. MATERIAL AND METHODS 

Using the SCS-CN method (SCS-USDA), we developed an interpretation of the soil 

mapping units of the Minas Gerais State (Figure 1 and Table 1) from the perspective of the 

HG’s, where, for this activity, we collaborated with a group of specialists in soil hydrology. 

 
Figure 1. Soil map of Minas Gerais State. 
Source: Adapted from FEAM (2010). 

Table 1. Geographical expression of the soil classes for Minas Gerais 

State. 

Soils Area (ha) Area (%) 

Red-Yellow Latosol 17,483,021 30.05 

Red Latosol 13,253,798 22.78 

Cambisol 10,170,003 17.48 

Leptosol, Arenosol, Fluvisol 7,349,167 12.63 

Red-Yellow Ultisol 4,545,443 7.81 

Red Ultisol 2,064,499 3.55 

Rock outcrop 1,442,772 2.48 

Yellow Latosol 953,642 1.64 

Nitisol 574,400 0.99 

Gleysol 232,459 0.40 

Plinthosol 64,611 0.11 

Luvisol 37,458 0.06 

Planosol 5,063 0.01 

Total 58,176,336 100 
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According to Table 1, Red-Yellow Latosol is the most frequent soil class in Minas Gerais 

State (30.05%) followed by Red Latosol (22,78%) and Cambisol (17,48%). These three soil 

classes count for approximately 70% of the Minas Gerais State area. 

 Using the soil class data (Figure 1 and Table 1), it was possible to incorporate 

pedological elements and the water behavior of the mapped pedological units into the 

interpretation. 

This approach is advantageous because it does not define the hydrological group 

classification based only one soil property as an indicator of soil infiltration capacity, a situation 

that may be applicable to temperate regions, but must be adapted to the conditions of tropical 

soils.  

Based on the criteria adapted from Mello and Silva (2013) (Table 2), we associated the soil 

classes of the mapping units to the HG's, with the incorporation of infiltration capacity values 

proposed by McCuen (1998). 

 
Table 2. Hydrological Groups and soil characteristics. 

Hydrological Groups Soil characteristic 

A 

High soil water infiltration, with soil basic infiltration velocity (BIV) higher 

than 7.62 mm h-1. According to tropical and subtropical soil genesis, very 

deep soils (> 2.0 m) with high permeability and low soil erodibility fit in this 

hydrological group (due to their texture and granular structure). Have a 

horizon A/horizon B texture ratio lower than 1.2 (without a natural 

impediment layer). Red and Red-Yellow Latosols can be included in this 

group. Not susceptible to erosion. 

B 

Less permeable than soils of Group A, therefore generate more runoff, with 

BIV values between 3.81 e 7.62 mm h-1. Deep soils (1.0 a 2.0 m), with 

adequate permeability. Have a horizon A/horizon B ratio between 1.2 and 

1.5, such as Acrisols and some Latosols with sandy horizon A and denser 

horizon B. More susceptible to erosion than Group A. 

C 

Generate surface runoff higher than soils from Group B, with BIV between 

1.27 e 3.81 mm h-1. Deep to moderately deep soils (0.5 a 2.0 m), with high 

surface permeability and high horizon A/horizon B texture transition ratio 

lower than 1.2. Low surface permeability and strong textural transition from  

A to B horizon (> 1.5). Low resistance to erosion. 

D 

Shallow soils with low infiltration capacity and greater capacity to generate 

surface runoff (BIV < 1.27 mm h-1). Moderately deep to shallow soils (0.25 

a 1.0 m) with impediment layer near horizon A and without defined B 

horizon. High vulnerability to erosion. 

After this procedure, each HG was represented by the mean value of the corresponding 

infiltration capacity interval, which came to represent the soil class, weighted by their relative 

participation in the soil mapping unit, in order to obtain a weighted final value, which was 

reinterpreted as the framework of the mapping unit in the HG's. 

The precipitation, relief and soil characteristics of three different hydrographic regions of 

Minas Gerais State were used to evaluate the consistency of the procedure, represented by the 

water resources planning and management units (WRPMU) identified below: GD1 is part of 

the Grande River Basin and covers the Upper Grande River Region in the south of Minas Gerais 

State; SF5 includes the Velhas River Basin and SF10 includes the Verde Grande River Basin, 

both are parts of the São Francisco River Basin, whose drainage areas are respectively: 8,781.6; 

28,005.5 and 26,949.1 km2. 
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3. RESULTS AND DISCUSSION 

Figure 2 presents the proposed classification of the pedological units mapped in the Minas 

Gerais State in hydrologic groups by the SCS-CN method. 

 
Figure 2. Classification of the pedological units mapped in the 

Minas Gerais State in hydrologic groups by the Curve Number 

method. 

Group A can be represented by the class of Latosols and the Group B by the Acrisols. 

Group C is represented mainly by the Cambisols and the Group D by the Leptosols, Arenosols, 

Fluvisols and rock outcrops. In general, there is a predominance of hydrologic Groups A and 

B, which together occupy about 71% of the area of the state (Figure 2 and Table 3). 

Table 3. Percentage of each 

Hydrological Group in the Minas Gerais 

State 

Hydrological Group Area (%) 

A 38.48 

B 32.64 

C 17.32 

D 11.56 

The HG's map for Minas Gerais State (Figure 2) shows that most of the state belongs to 

Group A (38.48%), followed by Group B (32.64%) (Table 3). These two groups are 

characterized by low surface runoff and high water infiltration rates in the soil profile. Groups 

C and D occupy 17.32 and 11.55% of the area of the State, respectively, and are associated with 

regions with the potential to generate higher surface runoff rates, due to the lower water 

infiltration rates in the soil profile. 

 The HG A areas are mainly concentrated in the Triângulo Mineiro region (watersheds of 

the lower Grande and Paranaíba Rivers), a large part of the north and northeast of the State, 

covering the basins of the São Francisco, Pardo, Jequitinhonha, Mucuri and São Mateus Rivers 

(Figure 2). 
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The Grande River Basin presents a mosaic, with hydrologic Groups A, B and C. The HG 

C is associated mainly with the Mantiqueira Range formations and the Cambisols existing 

between Poços de Caldas and Pouso Alegre cities. The hydrologic Group B appears 

concentrated in the southern portion of this basin, where Acrisols dominate, under undulated to 

strongly undulated relief. Thus, in the Upper Grande River region, there is predominance of 

HG's B and C, due to the  presence of Red-Yellow Latosols, with blocky structure, and 

Cambisols, which are less developed soils, presenting characteristics that restrict the water 

infiltration in the soil profile (Brandão et al., 2007; Resende et al., 2014). 

In the lower region of the Grande River, HG A soils predominate, which presents 

occurrence of Red Latosols, which are well-developed soils with granular structure (Resende 

et al., 2014), presenting a high rate of natural infiltration of water in the soil profile. 

In the western part of the Paranaíba River Basin (Triângulo Mineiro region), the HG A 

predominates, due to the Red Latosols arising from the weathering of the sedimentary-

magmatic rocks of the geological unit of the Paraná Basin (Machado and Silva, 2010), with 

occurrence of areas inserted in HG C, following the main water courses, restricting the water 

infiltration into the soil by the occurrence of floodplain soils (Resende et al., 2014). On the 

other hand, in the eastern portion, near the municipality of Araxá, there is a concentration of 

soils of HG B related to the presence of Cambisols under gently undulated to undulated relief.  

Slope is a topographic attribute widely used in environmental studies because it exerts a 

great influence on the water flow, and therefore on the speed with which superficial and sub-

superficial runoff occurs. Flauzino et al. (2010), in a characterization of the Paranaíba River 

Basin, mention that the areas within this basin have less than 8% slope, and 66.63% of the study 

area is located in areas with Latosols, which promote a higher permeability of water in the soil 

profile and, consequently, a decrease in the rate of direct surface runoff.. In the northern portion 

of the Paranaíba River Basin, there is a narrow strip with a predominance of soils of the HG D, 

associated to the Leptosols under strongly undulated to mountainous relief. 

In the São Francisco River Basin, most of the soils classified as HG D in Minas Gerais 

State are concentrated, which is related to the lithological diversity found in the São Francisco 

Craton. In the south of the basin is the Quadrilátero Ferrífero region, formed by diverse 

metamorphic rocks and undulated to mountainous relief  from which the Leptosols and rock 

outcrops. These areas are associated with gentle reliefs and poorly developed soils which 

restrict water infiltration into the soil. 

To the north of the São Francisco River Basin, there is the occurrence of HG A, due to the 

presence of Latosols and Arenosols in this region, facilitating the percolation of water in the 

soil profile. Fernandes et al. (2013) cite the predominance of large areas of Fluvisols in the river 

plains (or lower alluvial terraces) in this part of the Minas Gerais State and which are inserted 

in HG's B and C (Figure 2). 

In the Northeast Rivers’ basins (Pardo River, Jequitinhonha River, Mucuri River and São 

Mateus River), there is a great heterogeneity of HG's. HG B appears concentrated in the São 

Mateus River Basin, and along the Jequitinhonha River. At the headwater of the São Mateus 

River Basin, soils of the HG D also occur, because of the Espinhaço Range, with shallow soils 

and high slope. According to Fernandes et al. (2013), the Alto Jequitinhonha region presents 

rocky outcrops with sandy ramps associated with organic soils, rupestrian field, and field-

savannah. There is a predominance of Arenosols, which are poorly developed soils, with a 

serious limitations in relation to water storage capacity, and therefore prone to the generation 

of surface runoff. 

The Doce and Paraíba do Sul Rivers have a high concentration of HG B soils associated 

with the expression of Acrisols in undulated and strongly undulated relief, typical of the eastern 

part of these basins in combination with Red-Yellow Latosols in mountainous relief. An 
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important feature of these two river basins is the occurrence of floods in several municipalities, 

especially those where HG B soils predominate. One of the explanations for the occurrence of 

these types of phenomena is linked to the influence of the forest in the soil hydrology, 

highlighting the interaction between interception and the direct impact of very intense rainfall 

at the surface (Pinto et al., 2017). The Atlantic Forest, which was replaced mainly by pastures 

and later by eucalyptus plantations, was the original ecosystem in the Rio Doce Basin; however, 

today it covers mostly fragmented remnants.  

3.1. Background from three water resources planning and management units (WRPMU) 

In order to validate and better understand the interpretation of soil mapping units of the 

Minas Gerais State from the perspective of the Hydrologic Groups, three WRPMU were 

analyzed taking as a basis the characteristics of precipitation, relief, and soil. 

The hydrographic regions used were WRPMU GD1 (Upper Grande River Basin), 

WRPMU SF5 (Velhas River Basin) and WRPMU SF10 (Verde Grande River Basin). 

It should be emphasized that the presented results follow the same referential as the soil 

class intervals adopted for the Minas Gerais State as a whole, resulting in a more general 

approach. This is necessary, however, so as not to change the reference that will allow a 

comparison between the hydrographic regions analyzed. In the case of a specific analysis for a 

certain hydrographic region, we can opt for the greater detailing of the spatial distribution of its 

attributes. 

The rainfall regime of the three hydrologic regions, represented by the average annual 

precipitation, can be analyzed based on the information contained in Figure 3, which allow 

visualizing the spatial distribution and the frequency of the precipitation classes. 

The class intervals did not allow greater differentiation of the pluvial regime within a same 

hydrographic region, with each WRPMU having its area characterized by only two classes of 

annual precipitation; however, the comparative analysis allows to distinguish them. 

WRPMU GD1 is characterized by a high pluvial regime with a predominance of the class 

between 1200 and 1500 mm, having a significant presence of the class >1500 mm which, on 

average, raises its rainfall index (Figure 3A). 

According to Figure 3B, WRPMU SF5 shows a predominance of the precipitation class 

between 1200-1500 mm. 

The WRPMU SF10 rainfall regime is characterized in Figure 3C, where there is a high 

frequency in the precipitation class <900 mm, which makes it the lowest total annuals. 

This characterization also allowed us to verify that the regions present clearly within their 

territorial space decreasing gradients in their rainfall indexes where the highest values occur at 

their headwaters and between regions, which indicates the potentiality of differentiation in the 

capacity to generate direct surface runoff. 

The relief of WRPMU’s represented by slope classes is shown in Figure 4. 
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Figure 3. Spatial distribution and the frequency of the precipitation classes to the 

WRPMU’s GD1 (A), SF5 (B) e SF10 (C). 
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Figure 4. Spatial distribution and the frequency of the slope classes to the 

WRPMU’s GD1 (A), SF5 (B) e SF10 (C). 

WRPMU GD1 (Figure 4A) presents an expressive occurrence of two slopes classes,                       

8-20% and 20-45%, which results in a high average slope. Furthermore, the highest percentages 

of the slope are in the 8-20% class (Figure 4A); however, there is a high frequency of areas near 

two other slope classes, which indicates an average value within the highest frequency class. 

WRPMU SF10 presents predominance of two classes of slopes 8-20% and < 8% (Figure 

4C), which leads to an average slope below the other WRPMU’s, favoring a higher water 

infiltration rate in the soil and lower surface runoff rate. 

The set of information regarding the relief showed that the WRPMU's have different slopes 

between them, and also have slope gradients within the units, from the headwater to the mouth. 

WRPMU GD1 presents the highest percentages of slope in the class > 45% in relation to 

the other WRPMU's (Figure 4A). The highest percentages of slope in this region are in the 

southern part where the source of Grande River is located. This verifies that the greater slope 

percentages in the WRPMU GD1 potentiate the generation of direct surface runoff. 

Figure 5 presents the map of the spatial distribution of HG's and the frequency (%) of their 

classes for the WRPMU's GD1, SF5, and SF10. 
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Figure 5. Spatial distribution and the frequency of the Hydrologic Groups to the WRPMU’s 

GD1 (A), SF5 (B) e SF10 (C). 

According to Figure 5A, in WRPMU GD1 the highest percentage of HG C is associated 

with the highest occurrence of Cambisols (Menezes et al., 2009). 

In a hydraulic conductivity analysis of this region, Alvarenga et al. (2011) verified high 

values of two distinct regions, the Upper Grande River Basin, within GD1 in the Mantiqueira 

Range region, and in the Latosol sites in the northern part of the WRPMU GD1. The authors 

pointed out for this behavior the hypothesis raised by Menezes et al. (2009), wherein the most 

prominent relief region within WRPMU GD1 the soils are basically Cambisols, but they present 

predominant land-use like Atlantic Forest, which provides greater organic matter content on the 

soil surface, favoring the water infiltration process (Pinto et al., 2017; 2018). Another 

hypothesis was raised by Gomes et al. (2007), that in the region with soft relief and 

predominance of Latosols, soils which present important pedological characteristics in the 

context of water infiltration, especially because of the granular structure, constitute expressive 

areas for groundwater recharge. However, they are very susceptible to degradation due to 

inappropriate soil management. 
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The presence of fluvial plains in the region of WRPMU GD1 is characterized by 

inexpressive infiltration capacity, due to the presence of Fluvisols with the proximity of the soil 

layers to the water table, and the presence of floods in this soil class (Fernandes et al., 2013). 

There is also the presence of fluvial terraces in flat relief within the WRPMU GD1, with a 

predominance of Cambisols. According to Brandão et al. (2007), the vegetation suppression in 

this type of soil leads to the occurrence of crusting and erosion in gullies, which limits the 

infiltration of water in the soil profile. 

The highest percentage of HG D in WRPMU SF5 is associated with Cambisols, which are 

the highest-occurring soils in this WRPMU (Figure 5B). Silva et al. (2012), in an analysis of 

the landscape in this region, cite the occurrence of Cambisols, Leptosols and rock outcrops, 

associated with rupestrian fields. 

According to Figure 5C, the highest percentage of Hydrologic Group A in WRPMU SF10 

is associated with soils with characteristics of greater permeability such as Latosols and 

Arenosols, therefore characterizing regions with lower surface runoff rate. 

Ogden et al. (2017) demonstrated the need to advance in the use of other methodologies, 

going beyond the SCS-CN method, e.g., using data collection to obtain significant parameters 

from a wide variety of hydro-geographic configurations. We emphasize that our results are 

important because the proposed analysis is particularly useful, since in the SCS-CN method the 

characterization of soil type under the CN perspective is not available and since this empirical 

and simple method is still widely applied.  

Therefore, the interpretation of soil mapping units from the perspective of the Hydrological 

Groups has shown to be a promising tool to assist in understanding the flow regime of the 

analyzed hydrological regions.  

4. CONCLUSIONS 

Most of the Minas Gerais State fits in Hydrologic Groups A and B, indicating that the soils 

in these areas present low surface runoff and high water infiltration rates. 

The characterization and spatialization of the hydrological regime applied in this study, 

with emphasis on information regarding the soils of Minas Gerais State, has a level of detail 

not yet employed in studies of this scope, including the initiative to interpret them from the 

perspective of soil hydrological groups.  

The mapping of the three water resources planning and management units, composed of 

distinct environments, and from the perspective of hydrological groups, allowed us to verify 

the potentiality of the proposed methodology, which can be used to support the management 

and planning of the water resources of Minas Gerais State. 

Studies on interpretations of soil maps from the point of view of hydrological studies are 

essential to improve studies of water surpluses. 
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ABSTRACT  
Fish farming is becoming a highly profitable economic activity and the rearing of fingerlings 

involves the practice of sex reversal for the production of species (male) using the hormone 17α-

methyltestosterone (MT). This study analyzed the methodology for degradation of the hormone through 

solar and ultraviolet radiation using hydroxyapatite (HAP) as heterogeneous catalyst, synthesized by 

two different methods, with and without doping with nickel and copper. The results showed that MT 

hormone is degraded by ultraviolet or solar radiation, and accelerated in the presence of the HAP 

catalyst. In the presence of Fe (III) in the medium, the degradation rate of the hormone decreases. The 

method of HAP synthesis influences the degradation efficiency. 

Keywords: fish fry, hormone, fish-farming. 

Degradação de 17α-metiltestosterona com catalisador hidroxiapatita 

RESUMO 
A piscicultura tem se tornado uma atividade econômica altamente rentável e, para isto, a 

criação de alevinos adota a prática da reversão sexual para produção de espécies (macho) por 

meio do hormônio 17α-metiltestosterona (MT). Este trabalho desenvolveu metodologia para a 

degradação deste hormônio, por meio de radiação solar e ultravioleta utilizando catalisador 

heterogêneo hidroxiapatita (HAP) sintetizada por dois métodos diferentes, com e sem dopagem 

com níquel e cobre. Os resultados mostraram que o hormônio MT é degradado pela radiação 

ultravioleta ou solar, sendo acelerado na presença do catalisador HAP e a presença de Fe(III) 

no meio diminui a velocidade de degradação do hormônio. O método de síntese da HAP 

influencia na eficiência da degradação. 

Palavras-chave: alevinos, hormônio, piscicultura. 

1. INTRODUCTION 

The 17α-methyltestosterone (MT) is a synthetic product, a methyl derivative of 

testosterone (Figure 1), used in medicine to suppress testosterone deficiency and treat 

symptoms of andropause in men (Bejma et al., 2005). It is a potent agonist of the androgen 

receptor (Selzsam et al., 2005). 
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Figure 1. Molecular structure 

of 17α-methyltestosterone.  
Source: ChemSpider (Copyright 

Royal Society of Chemistry, 

2016). 

In animals, the hormone 17α-methyltestosterone is absorbed into the circulatory system 

immediately after oral administration. Acute toxicity is low, but most of the adverse effects 

associated with its use occur immediately after administration of high doses. In humans, the 

first organ to present chronic toxicity is the liver (See et al., 1992). 

Feed with MT is widely used in farming to induce sex reversal, producing only males, 

minimizing problems related to reproductive precocity and high prolificacy in rearing 

conditions, avoiding the dispersion of energy for growth and reproduction, overpopulation and 

the consequent drop in water quality (Bombardelli et al., 2007; Ong et al., 2012). Due to this 

heavy use of the hormone MT added to feed (60 mg per kilogram) in fish farms, contamination 

may occur in water bodies (Homklin et al., 2011). The MT can remain in the water system or 

sediments in ponds of fish farms and then contaminate watercourses and groundwater. 

Ong et al. (2012) verified that the sorption of MT in sediment increases proportionately 

with increasing amounts of organic matter and increasing salinity of the water in fish farms, 

due to saline effect and the consequent decrease in the solubility of MT. Green et al. (2000) 

assessed that the average concentration of MT in water in fish farms in the USA presented    

50.04 µg L-1 after the third step of feeding of fry. These authors indicated that the maximum 

value of MT in these tanks should be 1 µg L-1 for which there is no environmental damage to 

the ecosystem.  

In addition to all the aforementioned effects, the hormone MT can turn into estrogen, via 

the process called aromatase, which is the transformation of the hormone androgen into 

estrogen, and thus cause pronounced effects, deregulating all hormonal systems in humans and 

animals (Falone, 2007). Brazilian legislation does not regulate the use of this hormone in fish 

farms and the results of scientific research are not sufficient to ban the use of this compound in 

the Brazilian fish farms. 

Therefore, environmental remediation procedures of this contaminant are important in 

environmental control and the heterogeneous catalysts are important tools due to the increase 

in the speed and efficiency of reaction, with possible recovery of catalyst material. 

Hydroxyapatite (HAP) exhibits catalytic activity with low cost, easy synthesis and no 

toxicity and it is more stable and less soluble to all phosphates, with the chemical formula 

Ca10(PO4)6(OH)2. It belongs to the apatite mineral group, which refers to a family of compounds 

that have similar structures, but which do not necessarily present the same composition and 

various synthetic methodologies can be applied to change the physicochemical properties 

(Yang et al., 2014; Cho et al., 2016). 

The phosphate and hydroxyl groups, along with calcium, are distributed spatially 

according to a hexagonal-shaped arrangement in the plane perpendicular to the axis of highest 

crystalline symmetry, in a unit cell with six PO4
2- groups with closed packing. This structure 

allows the hydroxyl groups to be removed with relative ease, generating empty channels 
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between the hexagons, formed by calcium ions, in which other ions and molecules can be driven 

into the structure of the material. 

Hydroxyapatite has absorption in the ultraviolet-visible region (200-340 nm), with a strong 

band below 247 nm. Significant changes in physical-chemical properties of hydroxyapatite with 

the introduction of metals may occur such as, for example, the incorporation of Cr3 + or Fe3+. 

The Cr3+ doped hydroxyapatite generates absorption bands with wavelengths in the range 231-

315 nm, 318-542 nm and 579-800 nm. In turn, the Fe3+ doped hydroxyapatite has the absorption 

region between 267 and 800 nm. By comparison, the photocatalyst titanium dioxide (TiO2) 

adsorbs between 419 and 268 nm (Araujo et al., 2010). 

This study analyzed the photodegradation in the ultraviolet-visible region of the hormone 

17α-methyltestosterone using hydroxyapatite as a heterogeneous catalyst. 

2. MATERIAL AND METHODS 

All chemical reagents used in this study were of analytical grade. The water used for the 

preparation of solutions or dilution of samples was distilled and purified by reverse osmosis 

(ADAMO, 5 Mcm-1 water resistance at 25°C). 

The stock solution of MT was prepared from 0.0302 g pharmaceutical standard, with 

100.3% purity, diluting in 1 mL ethanol (> 99.3%). For the study of degradation, we added                  

20 µL of the stock solution with Labmate micropipette (± 0.82%) to 50 mL MT of NaOH 

solution diluted in distilled water at pH 9.4. The standard MT was characterized by infrared 

spectroscopy and by ultraviolet-visible spectroscopy. 

The spectrum in the infrared (IR) region of MT was retrieved from PerkinElmer equipment 

in the region between 700 and 4000 cm-1, with a resolution of 2 cm-1 and eight successive scans, 

with KBr pellet dry at 105°C for 3 hours. Ultraviolet-visible spectrum was obtained at a 

wavelength between 190 and 700 nm in a Shimadzu spectrophotometer UV-1601 PC, double 

beam to MT diluted in ethanol at a concentration of 10 µg mL-1.  

The hydroxyapatite was synthesized by two methodologies called conventional 

precipitation (CP) and homogeneous precipitation (HP) using urea, according to Souza et al. 

(2008) doping-free and doping with nickel (Ni) and copper (Cu) in concentrations of 0.01 mol 

L-1, added to the Ca2+ solutions during the synthesis, under mechanical stirring. Then, the 

precipitate was maintained under the same conditions of preparation for 24 hours for digestion. 

Then, it was vacuum-filtered through quantitative filter paper (80 g m-2) and rinsed with purified 

water and dried in an oven at 60.0 ± 1.0°C for 24 hours and the dust obtained was crushed in a 

mortar and stored in a clean bottle. 

Photodegradation studies of MT were conducted on a chamber manufactured in laboratory 

with a low-pressure mercury lamp (200 W, Phillips), whose external bulb was removed for total 

exposure to radiation (from 250 to 600 nm), at a sample distance of 13.5 cm and working 

temperature of 35 ± 1°C. The solution containing 0.18 g mL-1 of different catalysts and MT at 

a concentration of 3.994 x 10-5 mol L-1 was irradiated and samples were collected at pre-defined 

times with degradation monitoring in the UV-visible region, between 600 and 200 nm in a 

spectrophotometer Shimadzu UV 1601-PC, double beam. Before the spectrophotometric 

measurement, the solution was centrifuged at 3000 rpm for 10 minutes. After each reading, the 

sample was returned to the original bottle for further degradation. 

In studies involving solar radiation, we built up a system consisting of a wooden board of 

dimensions 50 x 50 cm with brackets for glass tubes with caps (to filter out ultraviolet radiation 

and allow the passage of radiation only above 400 nm) on which were placed the samples in 

duplicate of each catalyst studied, with eventual stirring of the tubes. The board was exposed 

to solar radiation, directed to the Geographic North 24°43’23.1’’ S and 53°45’7.4’’ W at an 

altitude of 575 m, with an inclination of 50°, and data was obtained with a EtrexGarmin GPS 

accurate to 8 m. Aliquots of samples were taken with micropipettes at different irradiation 
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periods without exceeding the volume of 10% of total volume and the degradation was 

monitored in the UV-visible spectrum with a Shimadzu spectrophotometer UV-1601 PC, 

double beam. Before the spectrophotometric measurement, the solution was centrifuged at 3000 

rpm for 10 minutes. After each reading, the sample was returned to the original bottle for further 

degradation. Quartz cuvette was used with 10 mm optical path and the baseline was performed 

with NaOH solution in water (blank). 

The photodegradation of MT with UV and solar radiation were carried out also with the 

catalyst titanium dioxide (TiO2) rutile powder, <5 μm particle size (Aldrich). 

3. RESULTS AND DISCUSSION 

The characterization of hydroxyapatite used in this study was presented by Lindino et al. 

(2016). Figure 2 and Table 1 present the spectrum from the infrared region and the attributions 

of the bands observed for the characterization of MT. 

 
Figure 2. 17α-methyltestosterone infrared 

spectrum. 

Table 1. Assignment of the vibrational bands in the infrared 

region. 

Assignment Wavenumber (cm-1) 

Free OH stretching 3561 

H-bonded OH stretching 3425 

C-H stretching 2984-2846 

α, -unsaturated C=O stretching 1660 

C=C vibration 1610 

References: Silverstein et al. (2015). 

In the UV-visible region, MT has maximum absorption at 249 nm that corresponds to the 

enone group. Spectrophotometric profile typical of photodegradation of MT with radiation in 

the ultraviolet region, without a catalyst, is illustrated in Figure 3, showing the decline in 

absorbance according to the irradiation time. Spectrophotometric profiles for ultraviolet 

irradiation in the presence of titanium dioxide catalyst, hydroxyapatites synthesized by two 

methods (CP and HP) and doped with nickel and copper were similar, with changes in speed of 

degradation with time, as can be seen in Table 2. 
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Figure 3. 17α-methyltestosterone 

photodegradation using only 

ultraviolet radiation, without catalyst. 

The arrow indicates the decrease in 

absorbance ( = 249 nm), according to 

the time of exposure to radiation. 

Table 2. Reduction in 17 α-methyltestosterone absorbance 

with different catalysts, in one hour of irradiation. 

Catalyst Method Reduction (± 1 %) 

HAP without doping CP 100 

HAP without doping HP 43 

Nickel HP 43 

Copper HP 39 

TiO2 - 33 

UV1 - 28 

1 Without catalyst. 

Data show that the MT degradation efficiency was higher with HAP catalyst compared to 

TiO2, because the hydroxyapatite absorbs radiation in the ultraviolet region, whereas the 

titanium dioxide absorbs in the visible region. The data also showed that the HAP synthesis 

method and the different dopants influence the process of hormone degradation. 

Figure 4 show the degradation of MT over time, by normalization from the initial 

absorbance (A0), for the HAP synthesized by the two methods, without dopant. For comparison, 

the results for TiO2 and UV radiation are also presented. By analyzing the results, the 

degradation process follows zero-order kinetics, indicating that the degradation rate of MT is 

independent of the concentration of the substance. Table 3 lists the values of the decay constant 

of the absorbance, calculated from the slope of the line obtained in each test with the catalyst 

and the coefficient of determination of the curves (R2). 

Table 3. Decay constants (k) of MT with different catalysts. 

Doping k (min-1) R2  

UV Radiation 0.0084 0.9836  

TiO2 0.0081 0.9971  

HAP/CP method 0.0128 0.9828  

HAP/HP method  0.0066 0.9966  
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Figure 4. Decay in absorbance during the 

photodegradation of 17α-methyltestosterone 

with: UV radiation, without doping (); UV 

radiation with catalyst TiO2 (); HAP catalyst 

synthesized by conventional precipitation 

method () and HAP catalyst synthesized by 

homogeneous precipitation method (). 

The HAP synthesized by the HP method has lower efficiency than the HAP synthesized 

by the CP method, mainly due to the lower surface area and smaller pore volume, according to 

sorption measurements (Lindino et al., 2016). 

The photocatalytic activity of HAP occurs because ultraviolet radiation causes an 

electronic transition from the valence band to the conduction band of hydroxyapatite, forming 

an electron-vacancy pair. The electrons in the conduction band are donated to the adsorbed O2 

molecules in the material to generate O2
●. OH● radicals are formed on the surface of the material 

by electrons photoexcited from the hydroxyls present in the structure in the hydroxyapatite or 

by the reaction of radicals O2
●- with H+ molecules in the solution (Nishikawa et al., 2013;  Hsiao 

et al., 2014). 

These radicals oxidize organic material to various intermediate species and, subsequently, 

degrade up to simpler substances and CO2. The decomposition of organic material can also 

occur by reaction with the vacancies excited generated from the electronic transition. 

A possible degradation mechanism of MT was proposed by Hu et al. (2012) and can be 

seen in Figure 5. This mechanism was proposed by means of determination of degradation 

products by gas chromatography and mass spectrometry, as well as theoretical calculations and 

it was found that several paths of degradation may occur until complete mineralization. The 

authors used the system Fe3O4/carbon nanotubes/H2O2 in their studies. 

According to these authors, the theoretical calculations have shown that the ketone 

group in the structure of the conjugated double bond in the molecule of MT is easily attacked 

by the hydroxyl radical OH. Since the androgenic activity depends strictly on the structural 

specificity of the molecule, a small modification in the molecule can reduce the androgenic 

activity, i.e., the binding capacity of MT to androgenic receptors in living beings, reducing also 

the negative impact on ecosystems. 
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Figure 5. Proposed mechanism for MT degradation.  
Source: Hu et al., 2012. 

The same process of degradation of MT by means of a mechanism similar to that shown 

in Figure 5 can occur using solar radiation. Table 4 lists the results of the effect of solar radiation 

(period of 10 hours) on MT photodegradation, the effect with different masses used of the 

hydroxyapatite catalyst (conventional precipitation method) and the comparison with the TiO2 

catalyst. In one sample, Fe (III) was added to the tube containing HAP (0.025 g) to evaluate its 

effect on MT degradation. 

Tabela 4. Data of 17α-methyltestosterone 

degradation for with solar radiation. 

Doping Mass (g) Reduction (%) 

radiation 1 

HAP 

HAP 

HAP 

HAP 

TiO2 

Fe(III)2 

- 

0.005 

0.01 

0.02 

0.025 

0.005 

- 

12.50 

15.57 

17.43 

32.69 

47.15 

29.77 

11.39 

              1 without catalyst. 2 0.2 mol L-1 Fe(NO3)3. 

The results show that the presence of heterogeneous catalysts increases the efficiency of 

degradation of MT, as the increase in mass of the HAP catalyst used increases the percentage 

of degradation over the same studied radiation period (10 hours). On the other hand, for the 

same mass used (0.005 g), TiO2 was more efficient than the HAP using solar radiation, since 

TiO2 absorbs radiation in wavelengths in the visible region and HAP absorbs radiation mainly 

in the ultraviolet region. As expected, the degradation efficiency with solar radiation is much 

lower compared with ultraviolet radiation, but the costs for implementation are lower and the 

manufacture of photodegradation system is simpler. 
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The inhibition of MT degradation in the presence of Fe (III), observed in the results in 

Table 4 is important, given its common presence in the aquatic environment, which was also 

investigated by Homklin et al. (2011) in biotransformation trials. According to these authors, 

MT and its degradation products with androgenic activity can potentially accumulate in 

sediments of fish farming ponds in the presence of iron (III), due to inhibition of microbial 

activity, an effect also observed in the presence of excess nitrate. In aerobic conditions and in 

conditions with the presence of sulfate, there is intense microbial activity that dramatically 

decreases the amount of MT in the sediment. This means that the presence of Fe (III) can 

stabilize the molecule of MT in sediment, and it can keep its androgenic activity, highlighting 

the importance of processes for remediation or degradation of MT in fish tanks. 

4. CONCLUSIONS 

The hormone 17α-methyltestosterone can be degraded through the heterogeneous catalyst 

hydroxyapatite in the presence of ultraviolet or solar radiation, allowing the reduction of its 

androgenic activity. The hydroxyapatite prepared by the conventional precipitation method, 

without doping, was the most efficient in the degradation process. The presence of Fe (III) in 

solution can inhibit the photodegradation of MT, a phenomenon that can occur in fish farming 

tanks. 
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ABSTRACT  
The study of the diet of fish is an important tool to assess different levels of environmental 

degradation, since the availability of food in the environment is a key factor for the fish 

occurrence. The removal of riparian vegetation usually degrades environmental quality, as this 

vegetation has an important role in providing energy to the ecosystem. This study investigates 

the effects of the removal of riparian vegetation on the fish assemblage trophic network. The 

study was carried out in two stretches of a southeastern Brazilian stream, one in a forest 

fragment and another in a pasture, during the wet and dry seasons of 2014. We analyzed the 

items consumed by each fish species using the frequency of occurrence and area of each item, 

which were combined to calculate the alimentary index, which was used to determine the food 

niche overlap of the fish and the specialization index of the trophic network. Aquatic Hexapoda, 

vegetal debris and organic matter dominated the trophic network of the two stretches. We 

detected higher values of food niche overlap in the forested stretch and more complex trophic 

networks in the pasture stretch. We found few seasonal variations in the items consumed and 

calculated indices in both stretches studied. The presence of grass on the banks in the pasture 

stretch and the importation of food resources from the upstream area may have provided a 

higher diversity of resources and consequently showed a more complex trophic network when 

compared to the forested stretch. 

Keywords: fish diet, food niche overlap, trophic organization. 

Efeito da remoção da vegetação ripária sobre a rede trófica de uma 

assembleia de peixes de um riacho neotropical 

RESUMO 
O estudo da alimentação de peixes é uma importante ferramenta para avaliar diferentes 

níveis de degradação ambiental, uma vez que a disponibilidade de alimentos no ambiente é um 

fator-chave para a ocorrência de peixes. A remoção da vegetação ripária geralmente causa uma 

grande perda de qualidade ambiental, uma vez que essa vegetação tem um importante papel em 

gerar energia para o ecossistema. Nós investigamos os efeitos da remoção da vegetação ripária 

sobre a rede trófica das assembleias de peixes. Nosso estudo foi conduzido em dois trechos de 

um riacho do sudeste brasileiro, um em um fragmento florestal e outro em uma pastagem, 

durante as estações chuvosa e seca de 2014. Analisamos os itens consumidos por cada espécie 
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de peixe utilizando a frequência de ocorrência e a área de cada item, que foram combinados 

para o cálculo do índice alimentar, o qual foi utilizado para determinar o valor médio da 

sobreposição de nicho alimentar da assembleia e o índice de especialização da rede trófica. As 

redes tróficas dos dois trechos foram dominadas por Hexapoda aquáticos, detritos vegetais e 

matéria orgânica. Observamos maiores valores de sobreposição de nicho alimentar no trecho 

florestado e redes tróficas mais complexas no trecho de pastagem. Verificamos poucas 

variações sazonais nos itens consumidos e índices calculados em ambos os trechos estudados. 

A presença de capim nas margens do trecho de pastagem e a importação de recursos alimentares 

da área à montante pode ter oferecido uma maior diversidade de recursos e, consequentemente, 

a assembleia de peixes apresentou rede trófica mais complexa quando comparada ao trecho 

florestado. 

Palavras-chave: dieta de peixes, sobreposição de nicho alimentar, organização trófica. 

1. INTRODUCTION 

The expansion of agriculture and urbanization are the main factors that affect  the aquatic 

ecosystems in São Paulo State, the most developed of Brazil, especially with respect to riparian 

vegetation removal, siltation and contamination by domestic and industrial sewage (Casatti et 

al., 2009; Oyakawa and Menezes, 2011). Consequently, streams with pristine conditions or less 

impacted are extremely rare and restricted mainly to Conservation Units. (Oliveira et al., 2013). 

The riparian vegetation removal causes severe degradation of streams’ quality, mainly in 

headwater streams that are more linked to the terrestrial ecosystem (Pusey and Arthington, 

2003; England and Rosemond, 2004). Several studies (Allan, 2004; Casatti et al., 2006; Casatti 

et al., 2012) have showed the importance of riparian vegetation to the physical structure of 

streams, which can favor the maintenance of environmental stability and provide nutrients used 

through the trophic chain. Also, Rezende and Mazzoni (2005) have showed that in streams with 

riparian vegetation the input of allochthonous matter can change seasonally, with a higher input 

of animal- and vegetal matter during the wet season. 

Many studies (Bojsen and Barriga, 2002; Casatti, et al., 2012; Teresa and Casatti, 2012) 

have also showed the effects of riparian vegetation suppression on fish assemblage; i.e., it leads 

to their simplification, with a high dominance of tolerant species and loss of ecosystem services. 

Moreover, Casatti et al. (2015) have found that although environments without riparian 

vegetation may have higher richness and diversity of fish, they also have a high functional 

redundancy, mostly related to feeding. Those impacted environments are generally simpler, 

with high habitat homogenization and low allochthonous resources supply (Zeni and Casatti, 

2014). For fish fauna, the decrease in the food supply may lead to local extinction of some 

specialist species and the dominance of generalist ones, which are able to alter their diet 

according to the most abundant resource in the environment (Casatti, et al., 2006; Ferreira et 

al., 2012; Rezende et al., 2013; Zeni and Casatti, 2014). 

We aim to investigates the effects of riparian vegetation removal on the trophic network 

of fish assemblage. We hypothesize that areas with riparian vegetation have more complex and 

specialized trophic networks, due to the high allochthonous resources supply provided by this 

vegetation, which can be used directly or indirectly as food by fish fauna. We also expect to 

find higher consumption of allochthonous material in the wet season due to the loading of this 

material to the stream by washout. 
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2. MATERIALS AND METHODS 

We conducted the study in two third-order stretches of 75 m of Itaúna Stream, which 

belongs to the Médio Paranapanema River Basin and is located in São Paulo State, southeastern 

Brazil. Throughout its length, the Itaúna Stream flows through forested and pasture areas, which 

have different features. In the forested stretch (upstream 23°09'36" S, 48°37'59" W; 

downstream 23°09'38" S, 48°37'55" W), the stream runs through an extensive semi-deciduous 

forest fragment composed by primary vegetation with an approximate area of 790 m2 for                           

2.5 km; the substrate is mainly composed of boulder, cobble and gravel, and has riffle, run and 

pool mesohabitats interspersed along its length. In this stretch, the average width is 4.5±1.3 m 

and the average depth is 0.2±0.1 m. The pasture stretch (upstream 23°09'58" S, 48°37'33" W; 

downstream 23°09'60" S, 48°37'31" W) is located downstream and at a distance of 1 km from 

the forested one, and the stream runs for 3 km through an area without riparian vegetation and 

located in an extensive pasture area. This stretch is uniform, has a long run mesohabitat 

throughout its length; the substrate is composed mainly of sand, and grasses of Brachiaria 

genus that are partially submerged covering the banks. In this stretch, the average width is 

2.1±1.2 m and the average depth is 0.3±0.1 m. The transition area between the two stretches 

has riparian vegetation on one of the banks and pasture on the other.  

We sampled the ichthyofauna along 80 meters on each stretch in the beginning of April 

and October of 2014, which represent the wet (previous month with rainfall of 185 mm) and 

dry season (previous month with rainfall of 40 mm), respectively. 

We sampled the fish using two seine nets (1x4 m, 4 mm plastic mesh) that were arranged 

transversely in the stream, isolating upstream and downstream in a 2 m section. With the nets 

positioned, two samplers walked between them in the downstream direction, revolving the 

substrate and possible shelters to move and capture the fish in the downstream net. To 

standardize the catch effort, this procedure was repeated at least three times or until no 

individual was collected in this section. After this, we removed the downstream net and we 

reinstalled it 2 m above the upstream net, repeating the same procedure for the 75 m in each 

stretch. In pool areas, we installed two acrylic fish traps near the bank for three hours, with 

bread as bait; in places with grass in the banks we also used sieves (mesh 0.3 cm) in the 2 m 

sections following the seine nets’ standardization. For more details, see Uieda and Castro 

(1999). 

For each stretch, we euthanized up to 15 individuals per species for diet analysis. 

Euthanasia was performed by immersion of fishes in a Eugenol solution (300 mg L-1). After 

death, we fixed the fishes in 10% formalin for 15 days and then we moved them to 70% alcohol. 

We deposited the fish collected in the Coleção de Peixes do Departamento de Zoologia e 

Botânica at the Universidade Estadual Paulista (UNESP), São José do Rio Preto, São Paulo, 

Brazil: DZSJRP 10101 to 10117 and DZSJRP 20455 to 20503. 

In the laboratory, we removed the digestive tracts of the sampled specimens and analyzed 

the contents under stereomicroscope and microscope. We analyzed the stomach contents in 

species that have differentiated stomach or the initial intestine portion in the species that do not 

have differentiated stomach. Food items were classified as: organic matter (remains of 

decomposed undetermined live material); plant debris (pieces of leaves and roots); algae 

(filamentous and unicellular); terrestrial hexapods (larvae and adult hexapods of allochthonous 

origin); aquatic hexapods (larvae and adult hexapods of autochthonous origin); crustaceans, 

arachnids (aquatic mites); annelids (oligochaetes) and protozoa (testate amoebae). Aquatic 

hexapods were identified to the order level. For the diet analysis, we calculated the alimentary 

index (IAi), modified from Kawakami and Vazzoler (1980), which uses the occurrence 

frequency (F) and the area (A) through the formula IAi = (F x A) / Σ (F x A). The frequency of 

occurrence (Hyslop, 1980) indicates the occurrence of the item, which is calculated as the 
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number of fish with the item in relation to the total occurrences of all items. The area 

corresponds to the ratio between the area occupied by the item and the total area occupied by 

all items. Areas were measured using a glass slide placed on millimetric paper. To facilitate 

data presentation, we used acronyms for names of species and food items. 

We defined the feeding habits of each species considering the items represented by more 

than 30% of IAi: a) algivorous - algae; b) carnivorous - items of animal origin; c) detritivorous 

- organic matter; d) insectivorous - aquatic and/or terrestrial insects; e) herbivorous – vegetal 

debris; f) omnivorous - plant and animal items; g) periphytivorous - algae and organic matter. 

We created graphs of trophic interactions between fish species and the food items that they 

consumed in the "bipartite package" of R Cran Project software. With the IAi values, we also 

calculated the trophic specialization index (H2) and the average percentage of dietary overlap 

(H') for each pair of species of each assemblage. The H2 is a two-dimensional index derived 

from the Shannon index used to compare different networks, and it ranges from 0 in extremely 

generalist communities to 1 in extremely specialist communities (Blüthgen et al., 2006). The 

H’ is the simple and most attractive measure of niche overlap which ranges from 0 in 

communities with no niche overlap to 100 in communities with total niche overlap (Krebs, 

1989). 

We used the diet of two generalist fish species sampled in both stretches and seasons 

(Astyanax bockmanni n = 7 in each sample, Phalloceros harpagos n = 15 in each sample) to 

verify if their diet varied spatial and temporally. It was assessed through a non-metric 

dimensional scaling ordination technique (NMDS), using the Bray-Curtis similarity index with 

area data of each individual. The statistical significance of the assemblage was tested through 

a similarity analysis (ANOSIM). In this analysis, if the “R” value exceeds 0.25, it indicates 

separated groups. We also performed a randomization process using Monte Carlo testing with 

9999 interactions to validate the R values observed. Values of p<0.05 indicate that the R value 

observed was not randomly obtained. If significant differences were found, we also performed 

an analysis of similarity percentages (SIMPER) to verify which food items caused these 

differences. These analyses were performed using the software PRIMER 6.0. 

3. RESULTS AND DISCUSSION 

We sampled a total of 22 fish species, which belong to five orders and eight families                

(Table 1). The wet season of the pasture stretch showed the highest abundance and species 

richness, while the other three samples showed relatively similar richness and abundance 

values. 
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Table 1. Total abundance of fish species sampled in the pasture and forest stretches of Itaúna Stream 

during the wet and dry seasons. 

Species Acronym 
Pasture Stretch  Forested Stretch 

Wet Dry  Wet Dry 

Astyanax altiparanae Aalt 2 -  - - 

Astyanax bockmanni Aboc 9 7  35 12 

Astyanax fasciatus Afas 5 4  - - 

Bryconamericus iheringi Bihe 29 14  3 8 

Bryconamericus stramineus Bstr 7 -  - - 

Cetopsorhamdia iheringi Cihe 2 -  3 2 

Characidium gomesi Cgom 21 13  11 14 

Characidium sp Csp - 38  30 25 

Characidium zebra Czeb 73 -  26 11 

Eignmannia trilineata Etri - -  - 1 

Geophagus brasiliensis Gbra 7 3  - - 

Hisonotos depressicauda Hdep 210 134  7 13 

Hypostomus ancistroides Hanc 1 2  - - 

Hypostomus nigromaculatus Hnig - -  25 8 

Imparfinis borodini Ibor - -  16 24 

Imparfinis mirini Imir 26 28  1 1 

Oligosarcus paranensis Opar 1 -  - - 

Paradon nasus Pnas - 1  - - 

Phalloceros harpagos Phar 22 41  90 96 

Phenacorhamdia tenebrosa Pten - 1  3 - 

Pimelodella gracilis Pgra 4 2  - - 

Rineloricaria pentamaculata Rpen 7 4  2 7 

Abundance  426 292  252 222 

Richness  16 14  13 13 

The overall diet analysis of all fish species sampled showed no major spatial and seasonal 

differences (Figure 1A). For the two stretches and seasons, there was a higher consumption of 

aquatic Hexapoda, followed by organic matter and vegetal debris. Regarding the different 

orders of aquatic hexapods (Figure 1B), in the two stretches and seasons there was a higher 

consumption of Diptera. However, there was variation in the second most consumed group, 

Trichoptera in the forested and Ephemeroptera in the pasture stretch. For the feeding habits 

(Figure 1C), the insectivorous predominated in both stretches and seasons. However, feeding 

habits occurred in the pasture stretch that did not occur in the forested stretch, like herbivorous 

in the two seasons and algivorous and carnivorous only in the dry season. 
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Figure 1. Percentage of consumption of food items (IAi%) in the overall diet (A), consumption of 

aquatic hexapods orders (B), and number of feeding habits (C) of fish species sampled in the pasture 

and forest stretches of Itaúna Stream during the wet and dry seasons. OrMa=Organic Matter; 

VeDe=Vegetal Debris; Alga=algae; TeIn=Terrestrial Insects; AqHe=Aquatic Hexapoda; 

Cru=Crustacea; Arac=Arachnida; Anne=Annelida; Prot=Protozoa; Tric=Trichoptera; 

Odon=Odonata; Mega=Megaloptera; Lepi=Lepidoptera; Hete=Heteroptera; Ephe=Ephemeroptera; 

Dipt=Diptera; Cole=Coleoptera. 

The trophic interaction networks showed higher complexity in the pasture stretch, with 

higher number of consumers and trophic interactions than in the forested stretch (Table 2, 

Figure 2). However, higher values of food niche overlap (H') and of community specialization 

(H2) (Table 2) were observed in the forested stretch. 

Table 2. Parameters of the trophic interaction networks built with the species of fish and the 

resources they consumed in Itaúna Stream during the wet and dry seasons of 2014. Cons - 

consumers richness, Reso - number of consumed food resources, TI - number of trophic 

interactions, H’ - average values of food niche overlap, H2 - specialization index. 

 Cons Reso TI H’ H2 

Pasture-Wet 16 6 30 32.6 0.629 

Pasture-Dry 14 7 24 34.9 0.617 

Forest-Wet 13 6 20 47.2 0.769 

Forest-Dry 13 4 20 50.1 0.716 
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Figure 2. Graphs of trophic interactions in the pasture- and forest stretches of Itaúna Steam during the 

wet and dry seasons. White = fish species with the number of analyzed specimens, black = resources 

consumed, and gray = trophic links. The height of the bars is proportional to the total values of number 

of gut contents analyzed (white) and IAi (gray and black). Acronyms of fish species in Table 1 and 

resources consumed in the caption of the Figure 1. 

Although some authors (Agostinho et al., 2008; Zeni and Casatti, 2014) relate impacted 

environments with habitat simplification and homogenization, which would reduce the food 

resources supply to the fish fauna, Casatti et al. (2015) discuss that the presence of grass on the 

banks in pasture streams provides food resources such as leaves and roots and also retains 

organic matter. Moreover, they may also provide additional microhabitats used by 

macroinvertebrates that may serve as food for the fish fauna. Besides the presence of the 

vegetation on the banks, another factor that may have contributed to a more complex 

organization in the pasture stretch is its location downstream of the forested stretch. Upstream 

areas can export food resources such as vegetal debris, organic matter and terrestrial/aquatic 

insects that are carried by current to downstream areas where they can be metabolized 

(Lancaster et al., 1996; Webster et al., 1999). Therefore, the combination of these two factors, 

which provided a high food supply in the pasture stretch, was probably the cause of the largest 

number of feeding habits, the major number of trophic interactions, the lower niche overlap and 

trophic specialization found in this stretch. 

The high consumption of aquatic insects and, consequently, the large number of 

insectivorous species observed in both stretches and seasons is common in tropical streams and 

also described by several authors (v. Casatti, 2002; Uieda and Motta, 2007; Bonato et al., 2012). 

Aquatic insects are an important food source for fish assemblages because they are extremely 

abundant and provide a large amount of protein (Ramos-Elorduy, 1997). However, the 

provision of that resource may change in composition and abundance depending on the physical 

features of the environment (Uieda and Pinto, 2011). This condition was observed between 

stretches where there was a higher consumption of Trichoptera in the forested stretch due to the 

bedrock and Ephemeroptera nymphs in the pasture due to the marginal grasses, where these 

two groups seek food and protection from predators (Mackay and Wiggins, 1979; Ferreira et 

al., 2015). 

In the NMDS analysis, comparing the diet spatially and seasonally of the two generalist 

species, it was possible to observe differences only for A.bockmanni (Figure 3). The similarity 

analysis applied to the same data (ANOSIM) confirmed the differences for A.bockmanni, when 

seasons of forested stretch (R = 0.45; p = 0.0006) were compared and when the two stretches 
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in the wet season (R = 0.62; p = 0.01) were compared. The SIMPER analyses showed that these 

differences were related mainly to the consumption of filamentous algae, high in the wet season 

of the forested stretch when compared to the dry season (28.98% of contribution), and high in 

the forest when compared stretches during the wet season (26.04% of contribution). These 

differences could be related to the presence of the bedrock in this area. According to Rosemond 

(1993), some groups of algae grow attached to rocks at the bottom of streams and its growth 

mainly occurs in the wet season, when they have more nutrients and sunlight. 

 
Figure 3. Results of the ordination analysis (NMDS) based 

on area data of each individual of two generalist fish species 

(A= Astyanax bockmanni, B= Phalloceros harpagos), 

comparing the diet spatially (FO- forested stretch, PA- 

pasture stretch) and seasonally (W- wet season, D- dry 

season). 

4. CONCLUSIONS 

Although the pasture stretch does not have riparian vegetation, which provides food 

resources such as vegetal debris and organic matter, the presence of grass on the banks and the 

food resource carried downstream from the forested stretch provided a high resource diversity 

and, consequently, the fish fauna showed more complex trophic networks when compared to 

the forested stretch. 
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RESUMO 
O presente estudo propõe um método para calcular as áreas de influência baseado no 

Método de Thiessen e considerando as linhas de cumeada do relevo. O estudo foi estabelecido 

para a bacia do Alto Sapucaí, a montante da cidade de Itajubá–MG, e foram usados os dados 

das estações de monitoramento de enchentes da Universidade Federal de Itajubá. Também 

foram utilizadas imagens da Shuttle Radar Topography Mission (SRTM). Com esses dados, 

foram traçadas áreas de influência das estações pluviométricas, por meio da junção do Método 

de Thiessen e das linhas de cumeadas mais próximas dessas medições de pluviosidade. 

Acredita-se que com isso os resultados das áreas de influência de uma estação climatológica 

sejam mais precisos que outros métodos recomendados pela bibliografia especializada. 

Palavras-chave: bacia hidrográfica, pluviometria, polígonos de Thiessen. 

Calculation of medium precipitation using the Thiessen method and 

the ridge 

ABSTRACT 
This study proposes a method to calculate hydrological areas of influence based on the 

Thiessen method and considering the ridge line. The study dealt with the basin of the high 

Sapucai, upstream of the city of Itajubá-MG, and used data from flood monitoring stations of 

the Federal University of Itajubá as well as images of the Shuttle Radar Topography Mission 

(SRTM). Through the use of this data, areas of influence were traced of rainfall stations through 

a combination of the Thiessen method and the lines ridges nearest mountain of these rainfall 

measurements. It is believed that, using results of the areas of influence of a meteorological 

station, this method produces results that are more accurate than other methods recommended 

by the specialized literature. 

Keywords: pluviometry, Thiessen polygons, watershed. 
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1. INTRODUÇÃO 

Bacia hidrográfica é a área de captação natural da água da precipitação, onde ocorre a 

drenagem em ravinas, canais e tributários, para um curso de água principal, tendo a vazão uma 

única saída: desaguar num curso d’água maior, lago ou oceano (Shinzato et al., 2009). 

A compreensão da precipitação numa bacia hidrográfica é muito ampla, pois há muitas 

variáveis de tempo e espaço envolvidas na área estudada. A precipitação dificilmente segue um 

padrão físico idêntico. A variação espacial muda rapidamente, pois o núcleo de chuva se 

modifica a todo momento e a variação temporal é extremamente aleatória – chuvas podem ser 

de alguns minutos até várias horas ou dias e com uma grande amplitude de intensidade. 

Numa bacia hidrográfica é muito difícil saber o volume exato de chuva para toda a bacia, 

mas esse valor é indispensável para os estudos hidrológicos. Segundo Pedrazzi (1999), há 3 

métodos para o cálculo da chuva média: método da média aritmética, método de Thiessen e 

método das isoietas. Dentre esses métodos o mais utilizado é o de Thiessen. O da média 

aritmética é muito simplório – por não levar em conta a distribuição de estações pluviométricas 

e o relevo; o método das isoietas é mais complexo de ser implementado pela necessidade de 

uma grade de informações pontuais de precipitação para a área estudada. 

Diversos autores utilizaram (e utilizam) o Método de Thiessen (1911) para aplicações em 

recursos hídricos e previsão climática obtendo resultados satisfatórios. Tal método foi 

desenvolvido pelo meteorologista americano Alfred H. Thiessen, que aplicou a teoria do 

diagrama de Voronoi para o cálculo da precipitação média na região de estudo.  

A topografia influencia o movimento do ar, tendo assim um efeito sobre o clima, por 

exemplo as cadeias de montanhas, que são barreiras que alteram os padrões de vento e 

precipitação (Funhen, 2015). De acordo com Carvalho e Assad (2005), os maiores valores de 

precipitação tendem a se concentrar nas maiores altitudes, devido aos ventos úmidos 

orográficos que porventura se estabelecem em cadeia de montanhas, as quais servem de 

barreiras naturais. Essa precipitação adicional (em relação a uma área plana) depende das 

dimensões e alinhamentos dessas elevações em relação aos ventos orográficos, bem como da 

umidade da parcela de ar e das condições atmosféricas. Ademais, as vertentes a barlavento 

recebem mais precipitação do que as vertentes a sota-vento, devido aos efeitos de expansão e 

compreensão adiabática dos ventos úmidos (Ayoade, 1996; Barry e Chorley, 2010). 

Com os dados de precipitação gerados no Sistema de Monitoramento de Enchentes do 

Laboratório de Informações Hídricas da Universidade Federal de Itajubá, com o emprego do 

Método de Thiessen e com a inserção das montanhas como barreiras naturais, propõe-se neste 

trabalho a obtenção das áreas de influência de cada estação pluviométrica. Dessa maneira, em 

toda essa área de influência haverá uma precipitação média que servirá como base para qualquer 

trabalho com estabelecimento de escoamentos superficiais, evaporação, infiltração e 

escoamento subterrâneo.   

2. MATERIAL E MÉTODOS 

A bacia hidrográfica do rio Sapucaí integra a bacia do rio Grande, e esta, por sua vez, faz 

parte da bacia do Plata, rio que desemboca no oceano Atlântico. A bacia do rio Sapucaí está 

localizada na região Sudeste do Brasil atravessando os Estados de São Paulo, com 32 km de 

extensão e de Minas Gerais, com 308 km.  O rio Sapucaí nasce na Serra da Mantiqueira, no 

município de Campos do Jordão - SP, na cota de 1680 metros e deságua no reservatório de 

Furnas, na cota 760 metros.  

Algumas cidades ao longo do rio Sapucaí sofrem com eventos recorrentes de cheias, como 

por exemplo, os municípios de Itajubá, Piranguinho, Santa Rita do Sapucaí e Pouso Alegre. A 
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cidade de Itajubá está localizada entre o alto e o médio Sapucaí. Situada no Sul do Estado de 

Minas Gerais, conta com uma área de 294 km² e uma população em torno de 95.000 habitantes, 

dos quais aproximadamente 91% residem na área urbana (IBGE, 2014). As cheias existem 

desde sua fundação e é algo que tem preocupado as autoridades e a população, esta tem sofrido 

grandes prejuízos com os eventos extremos de cheias ao longo dos anos (Pinheiro, 2005). Neste 

caso, o motivo destas cheias, segundo Moni Silva (2006), é que as planícies inundáveis 

apresentam uma topografia favorável às ocupações humanas, com seus terrenos planos, sendo 

praticamente a única área passível de desenvolvimento, pois prevalece o domínio de vales 

encaixados e estreitos da Serra da Mantiqueira.  

No trabalho de Barbosa et al. (2015), foi proposto um sistema de monitoramento de cheias 

para a bacia do alto do Sapucaí, no município de Itajubá/MG, onde foram utilizados:  sensores 

de pressão instalados dentro do rio, os quais serviam para medir a variação das colunas d’água; 

pluviômetros que mediam a intensidade e quantidade da precipitação; uma placa fotovoltaica 

que fornecia energia ao sistema; e um transmissor via telefonia celular que transmitia os dados 

coletados via SMS (Short Message Service). Os objetivos desse sistema eram gerar informações 

de natureza, intensidade e duração dos eventos de cheias à comunidade, além de soluções não 

usuais para a problemática das enchentes. A partir de 2009, através do Laboratório de 

Informações Hídricas da Universidade Federal de Itajubá – UNIFEI, foram instaladas 18 

estações de monitoramento de cheias, que beneficiavam as cidades da região:  Itajubá, 

Piranguinho, Pouso Alegre, Santa Rita do Sapucaí, Delfim Moreira, Maria da Fé, Brazópolis e 

Piranguçu. O Sistema foi desativado em janeiro de 2015, sendo mantidas 6 estações para 

pesquisas acadêmicas. 

Para determinar as áreas de influência dos pluviômetros das estações será usado o Método 

de Thiessen. Este Método gera uma média ponderada das alturas registradas pelos 

pluviômetros, que é diretamente proporcional à área de influência da bacia, considera a não 

uniformidade da distribuição espacial das estações, e não leva em conta o relevo da bacia 

(Tucci, 1997). Conforme afirma Porto et al. (2011), os resultados são consideráveis em terrenos 

levemente acidentados, quando a localização e exposição dos pluviômetros são semelhantes, e 

as distâncias entre eles não são muito grandes.  

O Método de Thiessen (1911) consiste em:  

a) unir as estações por trechos retilíneos;  

b) traçar linhas perpendiculares aos trechos retilíneos sobre a mediatriz da linha que liga 

as estações;  

c) alongar as linhas perpendiculares até encontrar outra mediatriz.  

O polígono de Thiessen é formado pela interseção das linhas das mediatrizes, 

correspondendo à área de influência de cada estação.  

A área de influência possui um peso perante a área total, expresso pela Equação 1: 

𝑊𝑖 =  
𝐴𝑖

𝐴
                (1) 

Onde:  

Wi é o fator de peso;  

Ai é a área de influência da estação;  

A é a área total da bacia hidrográfica. 

A precipitação média é expressa na Equação 2: 

𝑃𝑚 =  
∑ 𝐴𝑖𝑃𝑖

𝐴
                 (2) 
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Onde:  

Pm é a precipitação média na bacia (mm);  

Pi é a precipitação na estação (mm);  

Ai é a área de influência da estação;  

A é a área total da bacia. 

Os polígonos de Thiessen foram traçados na bacia do Rio Sapucaí, conforme distribuição 

das estações (Figura 1).  

 

Figura 1. Polígono de Thiessen na bacia do rio Sapucaí-MG. 

Para análise da topografia, a NASA disponibiliza gratuitamente um modelo digital de 

elevação, que são os dados da Shuttle Radar Topography Mission (SRTM), que é uma rede de 

células quadradas de 90m de lado contendo valores acurados de altimetria. 

No domínio do modelo digital de elevação da bacia analisada, foram determinadas as 

linhas de cumeadas. Para isso, foi utilizado o módulo Grid do Arc/INFO, versão 10.2.  

Em topografia, linha de cumeada é a linha formada pelos pontos mais altos da montanha, 

no sentido longitudinal (Guimarães et al., 2011). Tendo a altitude como critério de definição da 

linha de cumeada, essas linhas são cristas prolongadas, vislumbradas no relevo. As linhas de 

cumeada obtidas para a região de estudo são mostradas na Figura 2. 
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Figura 2. Linhas de cumeadas da bacia do rio Sapucaí-MG. 

A junção dos polígonos de Thiessen e das linhas de cumeada foram realizadas com o uso 

do programa ArcViewGis 10.2. 

3. RESULTADOS 

De acordo com o exposto sobre o uso do Método de Thiessen e o uso das linhas de 

cumeadas como barreiras naturais na bacia do rio Sapucaí, intenta-se a partir desses métodos 

criar uma área que tenha a influência do polígono de Thiessen e também a influência das 

barreiras naturais. 

As novas áreas de influência de cada uma das estações de monitoramento estão mostradas 

na Figura 3. 
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Figura 3. Áreas de influência pelo método proposto. 

Na Tabela 1 são apresentados valores das grandezas calculadas do método de Thiessen e 

do método proposto.  
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Tabela 1. Valores calculados do Método de Thiessen e do Método Proposto aplicado à bacia 

do alto Sapucaí. 

Estação 
Área Precipitação (mm) Ponderação 

Área (km²) Wi (1) 2011 2012 2013 2014 Média (2) Pi*Wi(mm) 

Método Thiessen 

Borges 444,07 0,46 1644,0 1794,2 1710,8 818,2 1491,8 680,7 

São Pedro 65,02 0,07 1397,8 1385,8 1397,0 828,0 1252,1 83,7 

Santana 104,75 0,11 1377,2 1275,2 1298,8 710,4 1165,4 125,4 

Água Limpa 182,74 0,19 1156,6 1408,4 1339,6 924,4 1207,2 226,7 

Santa Rosa 94,75 0,10 1133,8 1068,6 1415,0 765,4 1095,7 106,7 

Piranguçu 81,95 0,08 1263,3 1544,5 1672,8 818,3 1324,7 111,5 

Total 973,28 1,00 Precipitação média da Área Total 1334,6 

Método Proposto 

Borges 379,05 0,39 1644,0 1794,2 1710,8 818,2 1491,8 581,0 

São Pedro 53,31 0,05 1397,8 1385,8 1397,0 828,0 1252,1 68,6 

Santana 86,97 0,09 1377,2 1275,2 1298,8 710,4 1165,4 104,1 

Água Limpa 231,72 0,24 1156,6 1408,4 1339,6 924,4 1207,2 287,4 

Santa Rosa 125,21 0,13 1133,8 1068,6 1415,0 765,4 1095,7 141,0 

Piranguçu 97,02 0,10 1263,2 1544,5 1672,7 818,2 1324,7 132,0 

Total 973,28 1,00 Precipitação média da Área Total 1314,1 

Na Tabela 2 mostram as comparações entre os 2 métodos empregados neste estudo.  

Tabela 2. Comparações entre o Método de Thiessen e o Método Proposto. 

Estação 
Fator de peso Ponderação 

Wi Thiessen Wi Proposto Pi*Wi Thiessen Pi*Wi Proposto Diferença (%) 

Borges 0,46 0,39 680,7 581,0 -17 

São Pedro 0,07 0,05 83,7 68,6 -22 

Santana 0,11 0,09 125,4 104,1 -20 

Água Limpa 0,19 0,24 226,7 287,4 21 

Santa Rosa 0,10 0,13 106,7 141,0 24 

Piranguçu 0,08 0,10 111,5 132,1 16 

Total 1,00 1,00 1334,6 1314,1 2 

4. CONCLUSÃO 

Diante das comparações dos métodos, constata-se que houve diferenças nos valores de 

áreas de influência de todas as estações de medição: algumas tiveram suas áreas aumentadas e 

outras, diminuídas. 

O método proposto emprega o Método de Thiessen o qual usa a área da bacia e a 

localização das estações para traçar os polígonos e as linhas de cumeadas do relevo, que são 

geradas a partir de modelo digital de elevação, tornando o método proposto mais laborioso no 

sentido de ostentar informações de topografia.  

O Método de Thiessen não é satisfatório para aplicação em terrenos acidentados. Com isso, 

o método proposto possivelmente tem uma maior representatividade quanto à precipitação 

média em uma área, pois as linhas de cumeada das montanhas são divisores de águas e alteram 

o comportamento das chuvas de ambos os lados das vertentes. 
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O cálculo de precipitação média em uma determinada área é usualmente utilizado em estudos 

de escoamentos superficiais, evaporação, infiltração e escoamento subterrâneo. Assim, uma 

melhor estimativa desse valor de precipitação média é essencial para que os valores obtidos por 

meio dela sejam os mais próximos da realidade. 

Em fase de estudos estão novas aplicações desse método em outras bacias hidrográficas. 

5. REFERÊNCIAS 

AYOADE, J. O. Introdução à Climatologia para os trópicos. 4. ed. Rio de Janeiro: Bertrand 

do Brasil, 1996. 159-176 p.  

BARBOSA, A. A.; OLIVEIRA, G. M.; OLIVEIRA, T. J. Relatório da Comissão de Avaliação 

Técnica para Recuperação e Urbanização das Margens do Rio Sapucaí e seus Afluentes 

da Área Urbana. Revista Meio Ambiente e Sustentabilidade, v. 9, n. 4, p. 126-140, 

2015. 

BARRY, R. G.; CHORLEY, R. J. Atmosphere, weather, and climate. 9. ed. New York: 

Routledge, 2010. p. 62-74. 

CARVALHO, J. R. P.; ASSAD, E. D. Análise espacial da precipitação pluviométrica no Estado 

de São Paulo: Comparação de métodos de interpolação. Engenharia Agrícola, v. 25, n. 

2, p. 377-384, 2005. 

FUNHEN. Como o Movimento Air afetar o clima. Disponível em: 

http://www.funhen.com/como-o-movimento-air-afetar-o-clima. Acesso em: 22 abr. 2015. 

GUIMARÃES, V.; CHIMENES, M. M.; ANDRADE, C.; BEZERRA, R. A. O Novo código 

florestal e seus reflexos para a gestão ambiental. In: CONGRESSO BRASILEIRO DE 

GESTÃO AMBIENTAL, 2., 1-7 nov., 2011, Dourados. Anais... Bauru: IBEAS, 2011.  

INSTITUTO BRASILEIRO DE GEOGRAFIA E ESTATÍSTICA. Cidades. 2014. Disponível 

em: http: www.ibge.gov.br. Acesso em: 15 maio 2015. 

MONI SILVA, A. P. Elaboração de Manchas de Inundação para o Município de Itajubá, 

utilizando SIG. 2006. 38f. Dissertação (Mestrado em Engenharia da Energia) - 

Universidade Federal de Itajubá, Itajubá, 2006. 

PEDRAZZI, J. A.  Precipitação. 1999. Disponível em: 

http://www.ecivilnet.com/apostilas/files/hidrologiaprecipitacao.zip. Acesso em 01 abr. 

2015.   

PINHEIRO, V. M. Avaliação Técnica e Histórica das Enchentes em Itajubá – MG. 2005. 

30f. Dissertação (Mestrado em Engenharia da Energia) - Universidade Federal de Itajubá, 

Itajubá, 2005. 

PORTO, M. M; ANDRADE, E. M.; TEIXEIRA, A. S. Emprego do Arcview na definição das 

regiões de precipitações homogêneas para o estado do Ceará. In: SIMPÓSIO DE 

RECURSOS HÍDRICOS DO CENTRO OESTE, 2., 2002, Campo Grande. Anais... São 

Paulo: ABAS, 2002. 1 CD-ROM.  

SHINZATO, E. T.; GASPARORO, E. A. G.; TONELLO, K. C. Monitoramento da precipitação 

efetiva em diferentes povoamentos florestais: estudo de caso na Floresta Nacional de 

Ipanema, Iperó-SP. In: SEMINÁRIO DE RECURSOS HÍDRICOS DA BACIA 

HIDROGRÁFICA DO PARAÍBA DO SUL: RECUPERAÇÃO DE ÁREAS 

DEGRADADAS SERVIÇOS AMBIENTAIS E SUSTENTABILIDADE, 2., 09-11. 

2009, Taubaté. Anais... Taubaté: UNITAU, 2009. 



 

 

9 Cálculo de precipitação média utilizando método … 

Rev. Ambient. Água vol. 13 n. 1, e1906 - Taubaté 2018 

THIESSEN, A. H. Precipitation averages for large areas. Monthly Weather Review, v. 39, 

n.7, p. 1082-1089, 1911. 

TUCCI, C. E. M. Hidrologia: ciência e aplicação. 2. ed. Porto Alegre: Editora da Universidade, 

1997. 195 p. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Ambiente & Água - An Interdisciplinary Journal of Applied Science 

ISSN 1980-993X – doi:10.4136/1980-993X 

www.ambi-agua.net 

E-mail: ambi.agua@gmail.com 

 

 

This is an Open Access article distributed under the terms of the Creative Commons 

Attribution License, which permits unrestricted use, distribution, and reproduction in any 

medium, provided the original work is properly cited. 

 

Determinação e interpolação dos coeficientes das equações de chuvas 

intensas para cidade do Rio de Janeiro 

ARTICLES doi:10.4136/ambi-agua.2076 

 Received: 31 Dec. 2016; Accepted: 12 Nov. 2017 

Raphael Nunes de Siqueira Braga1*; Mônica de Aquino Galeano Massera da Hora2; 

Gustavo Bastos Lyra3; Alexandre Lioi Nascentes4 

1Universidade Federal Fluminense (UFF), Niterói, RJ, Brasil 

Programa de Pós-graduação em Engenharia de Biossistemas (PGEB). E-mail: raphaelbraga03@hotmail.com  
2Universidade Federal Fluminense (UFF), Niterói, RJ, Brasil 

Departamento de Engenharia Agrícola e Meio Ambiente (TER). E-mail: dahora@vm.uff.br 
3Universidade Federal Rural do Rio de Janeiro (UFRRJ), Seropédica, RJ, Brasil 

Departamento de Ciências Ambientais. E-mail: gblyra@ufrrj.br 
4Universidade Federal Rural do Rio de Janeiro (UFRRJ), Seropédica, RJ, Brasil  

Departamento de Engenharia. E-mail: alexandrelioi@gmail.com 
*Autor Correspondente  

RESUMO  
Este estudo teve como objetivo estabelecer a relação entre intensidade, duração e 

frequência das precipitações na cidade do Rio de Janeiro, e avaliar os métodos de interpolação 

dos coeficientes das equações de chuvas intensas, para determinação das equações em qualquer 

localidade do município. Os dados de chuvas foram obtidos por meio da rede de estações 

pluviométricas automáticas do Sistema Alerta Rio da Fundação Instituto de Geotécnica do 

município do Rio de Janeiro. Foram analisadas as precipitações intensas com base em séries 

históricas de observações obtidas a cada 15 minutos, no período de 1997 a 2014. Determinaram-

se as maiores precipitações anuais para as durações de 15, 30, 60, 120, 240, 360, 720, e 1440 

minutos. Os dados foram ajustados pelo método de distribuição de Gumbel e a aderência dos 

dados à distribuição foi avaliada pelo teste de Kolmogorov-Smirnov a 5% de significância. A 

espacialização dos coeficientes foi avaliada pelos métodos de interpolação do inverso da quinta 

potência da distância e Krigagem ordinária. As precipitações intensas apresentaram grande 

variabilidade espacial. Observou-se boa relação entre os valores de precipitação intensa 

calculados com o uso da equação ajustada com os valores oriundos das equações determinadas 

em outros trabalhos sobre chuvas intensas para a cidade do Rio de Janeiro. Os valores do 

coeficiente de determinação R² e erro padrão de estimativa permitiram concluir que as equações 

propostas podem ser utilizadas em projetos de obras hidráulicas. O método de interpolação 

inverso da quinta potência da distância apresentou melhor desempenho para a espacialização 

dos coeficientes das equações de chuvas intensas, e menores valores de erro médio percentual 

em 25 das 32 estações analisadas.  

Palavras-chave: função IDF, inverso da quinta potência da distância, Krigagem ordinária. 
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Determination and interpolation of intense rainfall equation 

coefficients for the city of Rio de Janeiro 

ABSTRACT 
This study aimed to establish the relationship between the intensity, duration and frequency 

of precipitation in the city of Rio de Janeiro, and to evaluate the methods of interpolation of 

coefficients of intense rainfall equations to determine the equations in any locality of the 

municipality. Rainfall data were obtained through the automatic rain gauge network of the Rio 

Alerta System of the Geotechnical Institute Foundation of Rio de Janeiro. Intense precipitation 

was analyzed based on historical series of observations obtained every 15 minutes from 1997 

to 2014. The highest annual precipitations were determined for durations of 15, 30, 60, 120, 

240, 360, 720, and 1440 minutes. The data were fitted by the Gumbel distribution method and 

adherence of the data to the distribution was evaluated by the Kolmogorov-Smirnov test at 5% 

significance. The spatialization of the coefficients was evaluated by the methods of inverse 

fifth-distance weighting and ordinary Kriging. The intense precipitations presented great spatial 

variability. A good relationship was observed between the values of intense precipitation 

calculated with the use of the equation fitted with those derived from the equations determined 

in other studies about heavy rainfall for the city of Rio de Janeiro. The values of the coefficient 

of determination R² and standard error of estimation showed that the proposed equations can 

be used in hydraulic works projects. The method of inverse fifth-distance weighting presented 

better performance for the spatialization of the coefficients of the intense rainfall equations and 

lower mean error values in 25 of the 32 analyzed stations. 

Keywords: IDF function, inverse fifth distance weighting, ordinary Kriging. 

1. INTRODUÇÃO 

Na cidade do Rio de Janeiro (CRJ) observa-se a ocorrência de chuvas intensas, que 

ocasionam enchentes, inundações, deslizamentos e escorregamentos nas áreas urbanas. O 

conhecimento dos padrões espaço-temporal dos eventos de precipitações no município é 

primordial para realização de um plano adequado para o ordenamento e planejamento das áreas 

para redução de riscos de desastres.  

A caracterização das chuvas intensas é feita por intermédio de equações empíricas 

denominadas equações de intensidade-duração-frequência (IDF), ou equações de chuvas 

intensas (Cecílio et al., 2009). O conhecimento sobre estas equações apresenta grande interesse 

de ordem técnica nos projetos de obras hidráulicas (Silva et al., 2002). 

A CRJ apresenta grande variabilidade espacial da precipitação (Dereczynski et al., 2009), 

e alguns dos trabalhos sobre equações de chuvas intensas para a CRJ definem uma única 

equação IDF para todo território do município. Os dados usados nos ajustes dessas equações 

são em sua maior parte baseados em séries antigas, com utilização de dados mistos de 

pluviômetro e pluviógrafo, em escala de tempo diária e, ou subdiária.  

Pfafstetter (1957) ajustou para 98 estações pluviográficas e pluviométricas, equações de 

chuvas intensas para durações variando de 5 a 2880 minutos, e para a CRJ foram 

disponibilizadas oito equações de chuvas intensas. Acredita-se que os dados utilizados no 

estudo cobrem o período de 1933 a 1955 (Davis e Naghettini, 2000).  

DER (Rio de Janeiro, 1989) realizou um estudo sobre chuvas no Estado do Rio de Janeiro, 

que tratou sobre a coleta e análise de consistência de dados de precipitação de postos 

meteorológicos operados por diversas organizações oficiais. Foram utilizados dados de 

pluviômetros e pluviógrafos e para a CRJ foram ajustadas cinco equações IDF com uso de 

séries parciais de precipitação que variaram de 1944 a 1980.   
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Davis e Naghettini (2000) utilizaram séries parciais de precipitação observadas em 34 

estações pluviográficas distribuídas por todo o território estadual, o número de anos 

hidrológicos em cada estação variou de 8 a 49 anos, com número médio de 21 anos de registro, 

e dados de 1922 a 1999. Para a CRJ foram ajustadas equações de chuvas intensas em que a 

intensidade é calculada de acordo com a precipitação média anual de cada localidade. 

Rio-Águas (2010) elaborou um documento com instruções técnicas para elaboração de 

estudos hidrológicos e dimensionamento hidráulico de sistemas de drenagem urbana para a CRJ 

em que são disponibilizadas 12 equações IDF determinadas por diversas referências 

bibliográficas.  

A dificuldade na obtenção das equações IDF em localidades que não são disponibilizadas 

pode ser contornada com a utilização de procedimentos de interpolação espacial dos 

coeficientes das equações de chuvas intensas obtidas nas proximidades do local de interesse 

(Pruski et al., 2006). Segundo Castro et al. (2010), o método Krigagem (Krig) apresenta melhor 

desempenho para interpolação da precipitação em diversas regiões do País. O programa Plúvio 

2.1 é uma ferramenta computacional livre desenvolvida pelo Grupo de Pesquisa em Recursos 

Hídricos da Universidade Federal de Viçosa, e estima as chuvas intensas em qualquer 

localidade do Brasil com o uso do método de interpolação inverso da quinta potência da 

distância (IDW5) (Pruski et al., 2006). Entre as equações de referência utilizadas pelos autores 

do programa, três equações são oriundas dos estudos desenvolvidos na CRJ, e foram realizados 

nas estações de Bangu, Santa Cruz e Alto da Boa Vista. 

Em decorrência da dificuldade na obtenção dos dados subdiários, a maioria dos estudos de 

chuvas intensas possui séries históricas inferiores àquela recomendada pela Organização 

Mundial de Meteorologia (OMM), que é de 30 anos (Silva et al., 2002).  

Neste aspecto, existe a necessidade de revisão periódica, pelo menos uma vez em cada 

década, das equações IDF como abordado por Zuffo (2004), e segundo o autor devem ser 

utilizadas séries históricas de observações de precipitação do período mais recente. Desde 1997, 

a CRJ conta com o Sistema de Alerta da Fundação Instituto de Geotécnica do município do Rio 

de Janeiro (Geo-Rio), que informa, em intervalos de 15 minutos, os dados de chuvas 

acumulados. 

Com base no exposto, o presente trabalho buscou o estabelecimento de equações IDF para 

as estações selecionadas para a CRJ com uso de séries históricas de observações de precipitação 

dos últimos anos e espacialização dos coeficientes (K, m, t0, n) com uso dos métodos de 

interpolação IDW5 e Krig, para determinação das equações de chuvas intensas em qualquer 

localidade da CRJ.  

2. MATERIAL E MÉTODOS 

A cidade do Rio de Janeiro está localizada na região Sudeste do Brasil, no Estado do Rio 

de Janeiro, entre as latitudes 22°45’05” S e 23°04’10” S e as longitudes 43°06’30” W a             

43°47’40” W. A cidade desenvolve-se ao redor dos maciços da Tijuca, Gericinó ao norte, e da 

Pedra Branca à oeste, e é delimitada, ao sul pelo Oceano Atlântico, a leste pela Baía de 

Guanabara e a oeste pela baía de Sepetiba. A distribuição espacial do total pluviométrico anual 

médio mostra que os máximos se concentram junto aos três maciços existentes na cidade: Tijuca 

- Serra da Carioca (2200 mm), Gericinó - Serra do Mendanha (1400 mm) e Pedra Branca - Serra 

Geral de Guaratiba (1200 mm). Tais valores reduzem-se em direção às planícies, sendo um 

mínimo de 900 mm observado na Zona Norte da cidade (Dereczynski et al., 2009). 

Os dados de precipitação utilizados neste trabalho referem-se aos observados na rede 

pluviométrica do Sistema Alerta Rio da Fundação Geo-Rio, Figura 1. As informações são 

divulgadas e disponibilizadas em formato digital no endereço eletrônico 

http://alertario.rio.rj.gov.br/download/.  

http://alertario.rio.rj.gov.br/download/
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Figura 1. Distribuição espacial das estações 

pluviométricas automáticas do Sistema Alerta Rio 

selecionadas para a cidade do Rio de Janeiro. 

Numeração conforme Tabela 1. 

Para cada estação foi selecionada uma série de dados que apresentava ausência ou pouca 

quantidade de falhas, sendo desconsideradas as estações com série histórica inferior a 10 anos. 

Do total das 37 estações da Fundação Geo-Rio, 32 atenderam a esta condição, com séries 

históricas de dados entre 11 e 17 anos. 

Os dados obtidos foram processados e em cada ano foi identificada a maior altura 

pluviométrica para cada duração de chuva (série de máximos anuais). Para o estabelecimento 

das equações adotou-se a formulação proposta a seguir (Equação 1):  

 

(1) 

em que: 

I - intensidade média (mm h-1); 

t - duração (min);  

Tr - tempo de retorno (anos);  

K, m, t0 e n - coeficientes a determinar.  

Para a CRJ, com exceção do estudo de Davis e Naghettini (2000), os demais estudos de 

chuvas intensas (Pfafstetter, 1957; Rio de Janeiro, 1989; Rio-Águas, 2010) utilizaram a 

distribuição de Gumbel para determinar a precipitação intensa provável. Portanto, as séries de 

intensidade máxima anual, para cada duração de chuva (15, 30, 60, 120, 240, 360, 720, e                    

1440 min), foram ajustadas à distribuição de valores extremos de Gumbel (Equações 2, 3 e 4). 

A aderência dos dados foi avaliada pelo teste Kolmogorov-Smirnov, a 5% de significância 

(Teodoro et al., 2014). 

 
(2) 

em que:  

XT - valor extremo para um determinado tempo de retorno;  

Xm - valor médio da amostra;  

σ - desvio padrão da amostra; e  

K - fator de frequência definido através da seguinte equação: 
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(3) 

 
(4) 

em que:  

yT - variável reduzida;  

yn - média reduzida;  

Sn - desvio padrão reduzido;  

Tr - tempo de retorno (anos).  

Os valores de yn e Sn são fornecidos pelas Tabelas de Subramanya (2008) em função do 

tamanho da amostra (n). Os coeficientes K, m, t0 e n foram estimados pelo método dos mínimos 

quadrados com o auxílio da ferramenta Solver da planilha eletrônica Excel®.  

De acordo com Teodoro et al. (2014), o ajuste dos coeficientes da equação IDF pode ser 

avaliado por meio do coeficiente de determinação (R²) e do erro padrão de estimativa (EPE), 

em mm h-1, sendo este último expresso pela Equação 5: 

 

(5) 

em que: 

Ic - intensidade calculada pela função de distribuição de Gumbel (mm h-1);  

Ie - intensidade estimada pela equação ajustada (mm h-1); 

n - número de observações. 

A partir dos resultados alcançados, foram definidas as equações IDF para as 32 estações 

pluviométricas selecionadas. Estimou-se, para cada período de retorno de 2, 5, 10, 20, 50 e 100 

anos, a precipitação máxima com duração de 15, 30, 60, 120, 240, 360, 720 e 1440 min. 

Em seguida, as precipitações intensas, calculadas pelas equações definidas, foram 

comparadas com as precipitações intensas obtidas a partir das equações estabelecidas por 

Pfafstetter (1957), DER (1989), Davis e Naghettini (2000), Rio-Águas (2010) e Plúvio 2.1, em 

que foram considerados as durações e os períodos de retorno citados anteriormente, com 

exceção dos trabalhos de Pfafstetter (1957) e Davis e Naghettini (2000), em que não foram 

consideradas as durações de 360 e 720 min, pois as equações de chuvas intensas possuem 

expressões matemáticas distintas à do modelo da Equação 1.   

Para cada estação foi calculado o erro médio percentual (EP) entre o valor estimado pela 

equação ajustada e o valor obtido pelas equações determinadas pelos trabalhos anteriormente 

citados, a fim de verificar se há sub ou superestimativa dos valores de intensidade.  

Segundo Cecílio e Pruski (2003), a média dos valores do erro percentual pouco significaria 

na determinação de um EP, proporcionado em cada estação, portanto, optou-se pelo erro médio 

percentual absoluto (EMP), Equação 6, calculado com o uso do módulo do erro percentual, 

como proposto pelos autores e por Cecílio et al. (2009). 

 

(6) 

em que:  

I - intensidade calculada pelas equações determinadas por outros autores. 
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Após ajustados os coeficientes das equações IDF, foi realizada a espacialização dos 

coeficientes (K, m, t0 e n) para toda a CRJ. A espacialização foi efetivada com auxílio do 

software ArcGIS©, versão 10.1, no qual foram avaliados os métodos de interpolação inverso da 

quinta potência da distância (IDW5), e o método de interpolação Krigagem ordinária (Krig), 

com modelo de transformação do tipo logarítmica de 2ª ordem, e modelos de semivariograma 

do tipo exponencial, esférico e Gaussiano. 

No método inverso da potência da distância o valor atribuído à célula interpolada é obtido 

pela média ponderada que utiliza o peso dos postos de controle mais próximos (Cecílio e Pruski, 

2003), conforme apresentado na Equação 7. 

 

                                                                                                                     (7) 

 

 

 

em que:  

Gi - valor estimado na célula interpolada;  

xi - valor do i-ésimo posto de controle;  

di - distância euclidiana entre o i-ésimo posto de controle e a célula interpolada; e  

m - potência da distância euclidiana. 

Para a aplicação do método Krigagem ordinária procedeu-se à análise geoestatística, 

visando quantificar o grau de dependência espacial dos dados, por meio de um semivariograma 

experimental, estimado pela Equação 8, de acordo com a metodologia descrita por Camargo et 

al. (2004): 

 

(8) 

em que:  

)h(γ̂ - semivariograma estimado para uma distância h;  

N(h) - número de pares de valores medidos;  

z(x) e z(x+h) - valores dos coeficientes medidos nos locais correspondentes.  

O ajuste dos parâmetros dos semivariogramas, efeito pepita (C0), patamar (C0 + C1), 

variância estrutural (C1) e alcance (a), foi realizado por meio da técnica de validação cruzada 

proposta por Camargo et al. (2004), sendo avaliados os modelos esférico (Equação 9), 

exponencial (Equação 10) e Gaussiano (Equação 11). 
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Segundo Castro et al. (2010) é importante avaliar o desempenho dos interpoladores para 

cada variável estudada. Neste estudo, os desempenhos dos métodos de interpolação foram 

avaliados pelo índice de dependência espacial (IDE), erro padrão de estimativa da validação 

cruzada (EPE), erro percentual (E) e o erro médio percentual absoluto (EMP) entre os valores 

de chuvas intensas obtidos com uso das equações IDF e os valores de precipitação estimados 

com o uso dos coeficientes interpolados. 

O IDE é definido como a razão entre o efeito pepita e o patamar, Equação 12.  Este índice 

determina faixas de dependência espacial entre a amostra, se o IDE ≤ 25%, a amostra apresenta 

alta dependência espacial; se o IDE for entre 25% e 75%, a amostra apresenta moderada 

dependência espacial; e se o IDE for ≥ 75% a amostra tem baixa dependência espacial 

(Cambardella et al., 1994). Os valores de EPE, também denominado como raiz do erro médio 

quadrático (Equações 13 e 14), deve ser o menor possível (Castro et al., 2010), assim como os 

valores de EMP (Cecílio et al., 2009), Equação 15. 

 

(12) 

 

(13) 

 

(14) 

 

(15) 

em que: 

Oi – valor do coeficiente ajustado; 

Ei – valor do coeficiente estimado pelo método de interpolação; 

Ii – valor da precipitação calculada com o uso dos coeficientes interpolados. 

3. RESULTADOS E DISCUSSÃO 

Verificou-se que, em média, ocorreram 0,51% de falhas nas 32 estações observadas, sendo 

que os registros foram inferiores a 2% do total de dados analisados. A quantidade de falhas 

encontradas pode ser considerada baixa, quando comparada com aquelas observadas em 

pluviógrafos. Alves et al. (2013) verificaram os registros de precipitação de pluviogramas, em 

que 45,4% dos dados apresentaram falhas. 

O mês de janeiro de 2001 apresentou em média 13 dias consecutivos com falhas para todas 

as estações selecionadas. Considerando que este mês pertence à estação chuvosa da CRJ, optou-

se por retirar o ano de 2001 da série histórica.  

A média das maiores observações de chuvas intensas variaram de 35 mm (15 min) até               

220 mm (24 h), e os valores médios acumulados em 15, 30 e 60 min foram de 35, 52 e 77 mm, 

similares aos valores apresentados por Dereczynski et al. (2009), para o período 1997 a 2006, 

e iguais a 35, 51 e 75 mm. Esses valores indicam que não ocorreram mudanças significativas 

no comportamento das chuvas intensas para o período analisado. 

Todos os dados, ao serem submetidos ao teste de Kolmogorov-Smirnov a um nível de 

significância de 5%, comprovaram a aderência dos dados ao modelo de Gumbel. Dessa forma, 
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pode-se confirmar que a distribuição de Gumbel apresentou resultados eficazes no ajuste de 

eventos meteorológicos extremos, tal como observado por Teodoro et al. (2014).  

Da análise dos resultados da Tabela 1, pode-se inferir que as equações IDF definidas 

apresentaram ajuste elevado, visto que os valores alcançados de R² variaram entre 0,990 

(estação Campo Grande) e 0,998 (estação Mendanha). Valores de R² superiores a 0,990 também 

foram obtidos para o ajuste das equações de chuvas intensas definidas por Silva et al. (2002).  

Tabela 1. Estações pluviométricas operadas pelo Sistema Alerta Rio, coordenadas geográficas (latitude e longitude), 

período histórico de observações de cada estação, coeficientes das equações IDF (K, m, t0, n), valores do coeficiente 

de determinação (R²), e erro padrão de estimativa (EPE, mm h-1) entre os dados obtidos pela função de distribuição de 

Gumbel e dados obtidos pelas equações ajustadas. 

Nº 

ordem 
Estação Latitude Longitude Série histórica K m t0 n R² EPE 

1 Anchieta 22,83 43,40 
1997-2000 

2002-2014 
2355,79 0,19 31,60 0,89 0,996 3,06 

2 Bangu 22,88 43,47 1997-2000 2002-2014 8398,17 0,18 40,71 1,15 0,996 3,50 

3 Campo Grande 22,90 43,56 1997-2000 2002-2014 3763,91 0,22 72,80 0,90 0,991 4,69 

4 Cidade de Deus 22,95 43,36 1997-2000 2002-2014 1306,84 0,19 19,46 0,79 0,997 2,94 

5 Copacabana 22,99 43,19 1997-2000 2002-2014 2140,17 0,19 59,06 0,80 0,990 4,51 

6 Gericinó 22,52 43,35 1997-2000 2002-2009 11547,76 0,20 61,63 1,15 0,996 3,51 

7 Grajaú 22,92 43,27 1997-2000 2002-2014 5274,55 0,20 52,18 0,98 0,995 4,21 

8 Grande Méier 22,89 43,28 1997-2000 2002-2014 1080,84 0,20 13,79 0,74 0,996 3,92 

9 Grota Funda 23,01 43,52 1997-2000 2002-2014 478,00 0,20 15,35 0,58 0,992 3,93 

10 Guaratiba 23,05 43,59 
1998-2000 2002-2003 

2005-2014 
1107,14 0,22 14,35 0,80 0,995 3,93 

11 Ilha do Governador 22,82 43,21 1997-2000 2003-2014 1125,79 0,23 11,24 0,77 0,994 5,57 

12 Irajá 22,83 43,34 1997-2000 2002-2014 2181,48 0,18 40,07 0,85 0,995 3,15 

13 Itanhangá 23,00 43,30 1997-2000 2002-2012 1949,98 0,17 40,71 0,80 0,997 2,76 

14 Jardim Botânico 22,97 43,22 1997-2000 2002-2014 1217,80 0,19 22,66 0,75 0,996 3,25 

15 Laranjeiras 22,94 43,19 2002-2014 8518,56 0,21 60,99 1,10 0,994 4,25 

16 Madureira 22,87 43,34 1997-2000 2002-2014 2037,43 0,19 30,02 0,84 0,995 3,93 

17 Mendanha 22,49 43,31 1997-2000 2002-2009 531,79 0,17 7,06 0,63 0,998 2,29 

18 Penha 22,84 43,28 1998-2000 2002-2014 825,89 0,19 14,85 0,71 0,996 2,94 

19 Piedade 22,89 43,31 1997-2000 2002-2014 2028,23 0,17 35,82 0,82 0,996 3,39 

20 Recreio  23,01 43,44 1997-2000 2002-2014 6396,55 0,19 50,25 1,07 0,996 3,33 

21 Riocentro 22,98 43,41 1997-2000 2002-2014 1886,83 0,18 37,42 0,78 0,995 4,01 

22 Rocinha 22,99 43,25 1997-2000 2002-2014 10591,31 0,19 77,35 1,09 0,994 4,11 

23 Santa Cruz 22,91 43,68 1997-2000 2002-2014 6455,60 0,17 45,89 1,05 0,997 3,09 

24 Santa Teresa 22,93 43,20 1997-2000 2002-2014 2076,52 0,20 40,21 0,85 0,994 3,64 

25 São Cristóvão 22,90 43,22 2003-2004 2006-2014 1914,43 0,24 26,59 0,84 0,994 5,38 

26 Saúde 22,90 43,19 1997-2000 2002-2014 1222,52 0,18 25,00 0,75 0,996 3,11 

27 Sepetiba 22,97 43,71 1997-2000 2002-2014 1041,34 0,20 19,14 0,76 0,995 3,27 

28 Sumaré 22,57 43,14 1997-2000 2002-2009 1168,19 0,21 19,94 0,70 0,995 4,70 

29 Tanque 22,91 43,36 1997-2000 2002-2014 1896,25 0,22 19,49 0,86 0,995 4,85 

30 Tijuca 22,93 43,22 1997-2000 2002-2014 712,39 0,21 15,48 0,64 0,995 3,74 

31 Urca 22,96 43,17 1997-2000 2002-2014 1999,11 0,19 31,01 0,87 0,997 2,72 

32 Vidigal 22,99 43,23 1997-2000 2002-2014 2018,31 0,20 26,65 0,85 0,996 3,74 

http://websempre.rio.rj.gov.br:8000/dados/6
http://websempre.rio.rj.gov.br:8000/dados/7
http://websempre.rio.rj.gov.br:8000/dados/23
http://websempre.rio.rj.gov.br:8000/dados/25
http://websempre.rio.rj.gov.br:8000/dados/20
http://websempre.rio.rj.gov.br:8000/dados/8
http://websempre.rio.rj.gov.br:8000/dados/11
http://websempre.rio.rj.gov.br:8000/dados/16
http://websempre.rio.rj.gov.br:8000/dados/31
http://websempre.rio.rj.gov.br:8000/dados/10
http://websempre.rio.rj.gov.br:8000/dados/9
http://websempre.rio.rj.gov.br:8000/dados/13
http://websempre.rio.rj.gov.br:8000/dados/30
http://websempre.rio.rj.gov.br:8000/dados/19
http://websempre.rio.rj.gov.br:8000/dados/3
http://websempre.rio.rj.gov.br:8000/dados/22
http://websempre.rio.rj.gov.br:8000/dados/5
http://websempre.rio.rj.gov.br:8000/dados/32
http://websempre.rio.rj.gov.br:8000/dados/15
http://websempre.rio.rj.gov.br:8000/dados/27
http://websempre.rio.rj.gov.br:8000/dados/14
http://websempre.rio.rj.gov.br:8000/dados/4
http://websempre.rio.rj.gov.br:8000/dados/2
http://websempre.rio.rj.gov.br:8000/dados/1
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O menor valor de EPE foi referente a estação Mendanha, 2,28 mm h-1, e o maior valor foi 

para a estação Ilha do Governador, 5,56 mm h-1. Esses dados comprovam o baixo valor de erro 

para estimação das chuvas intensas pelas equações IDF ajustadas. 

Observou-se que os valores dos coeficientes (K) e (t0) variaram expressivamente de uma 

estação para outra, com coeficiente de variação de 99% para (K) e para (t0) foi de 55%. Cecílio 

e Pruski (2003) verificaram grande variabilidade de (K) para o estado de Minas Gerais. Esses 

resultados indicam que o uso de uma única equação IDF para o cálculo de precipitações intensas 

em qualquer localidade da CRJ não é adequado, recomendando-se o ajuste dos coeficientes das 

equações de chuvas intensas para cada localidade. Com relação aos coeficientes (m) e (n), a 

variação foi de 9 e 17,5%, respectivamente. 

Em relação aos valores de chuvas intensas estimados pela equação do DER (Figura 2) 

verificou-se que os valores EMP foram entre 21 e 60%, similares aos valores de EP entre -28 e 

-55%. Estes resultados podem ser justificados pela série histórica utilizada, entre os anos de 

1944 e 1980, o que permite concluir que as chuvas neste período foram mais intensas que as 

chuvas de 1997 a 2014. 
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Figura 2. Erro médio percentual absoluto entre as chuvas intensas obtidas com o uso da equação 

ajustada e os valores de chuvas intensas calculados pelas equações determinadas em outros 

trabalhos para a cidade do Rio de Janeiro. Numeração conforme Tabela 1. 

Verificou-se que os valores obtidos pela equação ajustada apresentaram menores erros em 

comparação com as equações determinadas por Pfafstetter, com valores de EMP entre 4 e 17%, 

o que indicou similaridade entre as chuvas de 1933 a 1955 com o período analisado. Os valores 

de EP foram entre -17 e 8%, e as chuvas intensas estimadas pela equação ajustada foram 

inferiores para as estações 2 (-17%) e 4 (-0,4%) e superiores para as estações 14 (4%), 23 (6%) 

e 30 (8%).   

As análises comparativas entre as equações ajustadas e as equações disponibilizadas pela 

Fundação Rio-Águas, em seu documento sobre instruções técnicas para elaboração de estudos 

hidrológicos, indicaram boa relação para 21 das 32 estações analisadas, com valores de EMP 

inferiores a 22%. Os valores de EMP foram de 5 a 40% e os valores de EP foram entre -34 e 

40%. As chuvas intensas estimadas pela equação ajustada foram superiores em 17 das 32 

estações observadas.  

Em relação ao software Plúvio 2.1 os valores de EMP foram de 5 a 35%, em que 24 das 

30 estações analisadas apresentaram valores de EMP inferiores a 22%. Os valores de EP foram 

entre -30 e 35% e as chuvas intensas estimadas pelas equações ajustadas foram superiores em 

21 das 30 estações analisadas. Especificamente para a CRJ, os resultados obtidos com uso do 

Plúvio 2.1 foram considerados aceitáveis, porém em outras localidades do Brasil o uso do 
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software não expressou os mesmos resultados, tal como pode ser verificado nos estudos de 

Fiorio et al. (2012) e Senna et al. (2010). 

Verificou-se que os valores obtidos de EMP entre as equações ajustadas e as equações de 

chuvas intensas determinadas por Davis e Naghettini (2000) foram de 12 a 35%. A título de 

exemplo, são apresentados os resultados das curvas IDF para a estação Jardim Botânico (Figura 

3).  

 

 

Figura 3. Comparação entre as curvas IDF geradas de acordo com as equações de chuvas 

intensas disponibilizadas para o Jardim Botânico.  
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A estação do Jardim Botânico possui coordenadas geográficas similares entre os estudos 

de chuvas intensas para a CRJ. Foram verificadas as curvas IDF para o tempo de retorno de 10 

e 100 anos (Zuffo, 2004). Segundo Rio-Águas (2010) para o dimensionamento de galeria de 

águas pluviais deve ser considerado Tr de 10 anos, observou-se que para este Tr a diferença 

entre os valores de intensidade obtidos para a duração de 15 min foi de 65 mm h-1 (36%) entre 

o maior valor de chuva intensa, 179 mm h-1 (DER), e o menor valor de intensidade de chuva, 

115 mm h-1 (Plúvio 2.1). Para a duração de 24 h (1440 min) a diferença entre os valores de 

intensidade de chuva foi de 5,5 mm h-1 (53%) entre o maior valor de chuva intensa,                                  

10,5 mm h-1 (DER), e o menor valor de intensidade de chuva, 5 mm h-1 (Plúvio 2.1). 

Observou-se na Figura 3 que os maiores valores de chuvas intensas foram estimados 

quando utilizada a equação proposta pelo DER para todos os Tr e todas as durações analisadas. 

Verificou-se que para o Tr de 100 anos, a diferença entre os valores de intensidade obtidos para 

a duração de 15 min foi de 131 mm h-1 (44%) entre o maior valor de chuva intensa,                                   

300 mm h-1 (DER), e o menor valor de intensidade de chuva, 169 mm h-1 (Pfafstetter). Para a 

duração de 24 h a diferença entre os valores de intensidade de chuva foi de 6,6 mm h-1 (44%) 

entre o maior valor de chuva intensa, 15 mm h-1 (DER), e o menor valor de intensidade de 

chuva, 8,4 mm h-1 (Plúvio 2.1). 

Na Tabela 2 são apresentados os valores dos índices estatísticos, IDE e EPE. Observou-se 

que os modelos de semivariogramas analisados apresentaram baixa dependência espacial para 

os coeficientes (K) e (t0), e moderada dependência espacial para os coeficientes (n) e (m), com 

exceção do modelo de semivariograma exponencial que apresentou alta dependência espacial 

para o coeficiente (m). 
 

Tabela 2. Métodos de interpolação e os índices estatísticos, erro padrão de estimativa da validação 

cruzada (EPE) e índice de dependência espacial (IDE, %). 

Métodos de interpolação 
EPE IDE (%) 

K m t0 n K m t0 n 

Krig esférico 3705,02 0,0198 21,99 0,1785 80 51 82 74 

Krig exponencial 3690,87 0,0196 21,94 0,1782 85 5 84 74 

Krig Gaussiano 3693,21 0,0197 21,98 0,1781 81 63 82 73 

IDW5 4000,56 0,0021 22,38 0,2063 -- -- -- -- 

Segundo Cecílio et al. (2009), a aplicação da Krigagem necessita de uma distribuição mais 

ou menos uniforme das estações pluviométricas (pontos amostrais), fato que não foi observado 

neste trabalho, o que pode indicar os altos valores de IDE e a baixa dependência espacial entre 

os coeficientes interpolados. Porém, mesmo com os altos valores de IDE, observou-se que os 

valores de EPE foram menores com o uso dos métodos de interpolação de Krigagem ordinária 

para os coeficientes (K, m, e n), apenas o coeficiente (t0) apresentou menores valores de EPE 

com o uso do método IDW5.  

Observou-se similaridade na maior parte dos valores dos índices estatisticos obtidos, e 

verificou-se que entre os métodos testados, o modelo de semivariograma exponencial 

apresentou melhores resultados de EPE e IDE. Castro et al. (2010) analisaram dados de 

precipitação para o Estado do Espirito Santo e também verificaram melhores resultados dos 

índices estatísticos com o uso do método de interpolação Krigagem e modelo de 

semivariograma exponencial.   

Segundo Mello et al. (2003), as análises individuais dos coeficientes da equação IDF não 

apresentam significado físico, uma vez que a aplicação da equação de chuvas intensas é uma 

combinação de todos os coeficientes, interessando, portanto, a chuva intensa gerada pela 

equação como um todo.  
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Cecílio e Pruski (2003) avaliaram os valores de intensidade apenas para o Tr de 10 anos e 

duração (t) de 60 min, e o valor do erro médio encontrado para o IDW5 foi de 19,37%, com 

erro percentual máximo de 88,34%. O valor do erro médio para o IDW5 encontrado no presente 

estudo (Tabela 3) para o mesmo período de retorno e duração analisada, foi de 19,10% com 

erro percentual de até 46,81%. Para a Krigagem o valor do EMP para o mesmo Tr e t foi de 

24,51% com erro percentual de até 38,25%. Portanto, esses valores indicam que os erros 

encontrados na estimativa de chuvas intensas pelos métodos de interpolação analisados neste 

trabalho são aceitáveis. 

Tabela 3. Erros proporcionados pelos métodos de interpolação inverso da quinta potência da distância 

(idw5) e Krigagem ordinária (krig). 

Nº* 
EMP (%)** │E│ (%)*** 

Nº* 
EMP (%)** │E│ (%)*** 

idw5 krig idw5 krig idw5 krig idw5 krig 

1 23,46 35,38 22,14 34,13 17 26,55 24,81 26,19 12,25 

2 43,95 47,19 31,46 35,95 18 21,92 28,51 25,50 32,83 

3 16,12 20,89 22,19 24,31 19 11,52 22,44 10,67 24,35 

4 12,25 33,72 15,66 34,76 20 33,01 41,66 20,34 31,31 

5 14,54 16,54 20,36 23,80 21 10,06 28,62 5,02 13,86 

6 41,13 32,55 27,05 24,42 22 9,11 24,03 9,60 16,58 

7 15,96 20,51 5,88 13,36 23 33,17 33,31 22,33 25,28 

8 10,27 18,09 14,29 21,74 24 13,71 31,39 14,32 31,48 

9 28,13 25,09 28,72 23,68 25 9,88 16,15 0,80 14,20 

10 52,79 27,76 46,81 18,52 26 17,50 27,14 21,68 29,85 

11 11,16 25,36 7,53 32,10 27 16,63 29,88 21,43 35,98 

12 9,40 19,24 10,08 21,13 28 13,98 7,84 16,56 4,11 

13 32,70 26,86 37,74 30,07 29 9,12 22,71 7,54 20,16 

14 36,58 23,79 40,57 27,68 30 16,33 16,84 24,06 25,02 

15 12,36 31,18 8,43 21,02 31 24,15 42,04 28,06 38,25 

16 2,56 14,60 0,84 15,25 32 13,14 29,76 17,38 27,00 

*Numeração conforme Tabela 1. **Erro médio percentual absoluto para todas as durações e período de 

retorno analisado. ***Módulo do erro percentual para a duração de 60 min e período de retorno de 10 

anos. 

Observa-se na Tabela 3 que o método IDW5 promoveu menores erros em 25 das 32 

estações analisadas. O melhor desempenho obtido pelo método de interpolação IDW5 pode ter 

ocorrido devido a grande variabilidade dos coeficientes da equação IDF, com coeficiente de 

variação igual a 99% (K) e 55% (t0). Cecílio e Pruski (2003) verificaram que a interpolação do 

parâmetro (K) foi melhor realizada utilizando-se o inverso da quinta potência da distância, em 

função da grande variabilidade deste coeficiente, que foi entre 500 e 11000.  

O EMP das precipitações intensas com o uso do método IDW5 foi de até 52,79%, valor 

observado na estação Guaratiba. Em relação ao método de Krigagem ordinária o EMP das 

precipitações intensas foi de até 47,19%, valor calculado para a estação Bangu.  

Mello et al. (2003) consideraram como elevados valores de EMP acima de 23%. O método 

IDW5 apresentou EMP elevado em 10 estações, e o método Krigagem ordinária apresentou 

EMP acima de 23% em 21 estações. Para as demais estações, os erros proporcionados pelos 

métodos de interpolação foram baixos, o que indicou boa exatidão na estimação de chuvas 

intensas com o uso dos coeficientes interpolados.  



 

 

13 Determinação e interpolação dos coeficientes das equações … 

Rev. Ambient. Água vol. 13 n. 1, e2076 - Taubaté 2018 

4. CONCLUSÃO 

Pode-se inferir que os dados obtidos pelas estações pluviométricas automáticas 

possibilitaram o desenvolvimento de equações de chuvas intensas similares às equações obtidas 

por dados pluviográficos existentes na literatura. 

A interpolação dos coeficientes das equações de chuvas intensas pelo inverso da quinta 

potência da distância é recomendada por ser o método que proporcionou os menores valores de 

erro médio percentual e melhores resultados para a espacialização dos coeficientes das equações 

de chuvas intensas. 
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ABSTRACT 
The rapid expansion of eucalyptus cultivation necessitates studies that can identify areas 

amenable to the planting and development of its different varieties. This study therefore aimed 

to verify the suitability of two varieties of eucalyptus in the state of Espírito Santo, using 

Geographic Information Systems supported by strategic decision analysis. Mean precipitation, 

mean temperature, hydric deficit and land slope data were used as decision factors. These factors 

were submitted to fuzzy standardization, aggregated and compensated by the Weighted Linear 

Combination (WLC) process, resulting in the final aptitude mapping. For the reconciliation of 

conflict areas between the varieties, the Multi-objective Land Allocation (MOLA) module was 

used to maximize the suitability of the land for the objective. The WLC analysis allowed us to 

identify the suitability of the areas and with the use of the MOLA module it was possible to 

resolve the conflict of suitability between the two eucalyptus varieties. Most of the state of 

Espírito Santo is highly suitable for the the development of varieties. The northwestern region 

and part of the northern region presented less suitability for both analyzed eucalyptus varieties. 

Considering the 10,000 km2 most adaptable area for eucalyptus cultivation in the state of 

Espírito Santo, it was verified that the most suitable areas for planting the two eucalyptus 

varieties are located in the mountainous regions, part of the southern region and near the 

northeastern coast. 

Keywords: agricultural aptitude, Espírito Santo state, fuzzy logic. 

Zoneamento climático para cultivo de eucalipto por meio de 

análise estratégica de decisão 

RESUMO 
A rápida expansão do eucalipto leva à necessidade de estudos que identifiquem áreas com 

aptidões climáticas para a implantação e desenvolvimento dos seus diferentes tipos de espécies. 

Assim sendo, este trabalho teve como objetivo verificar a aptidão de áreas para a implantação 

de duas espécies de eucalipto no estado do Espírito Santo, utilizando Sistemas de Informações 

Geográficas apoiado em análise estratégica de decisão. Na análise foram utilizados como 
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fatores de decisão dados de precipitação média, temperatura média, déficit hídrico e declividade 

do estado do Espírito Santo. Estes fatores foram submetidos à padronização fuzzy, agregados e 

compensados pelo processo de Combinação Linear Ponderada (WLC), resultando no 

mapeamento final de aptidão. Para a conciliação das áreas de conflito entre as espécies utilizou-

se o módulo para Alocação Multi-objetiva do Terreno (MOLA), maximizando assim a 

adequabilidade do terreno para o objetivo. A análise WLC permitiu identificar a adequabilidade 

das áreas e com o uso do módulo MOLA foi possível resolver o conflito de adequabilidade 

entre as duas espécies de eucalipto. A maior parte do estado do Espírito Santo apresenta alta 

adequabilidade para o desenvolvimento das espécies, sendo a região noroeste e parte da região 

norte as que apresentaram menor adequabilidade para ambas as espécies de eucalipto 

analisadas. Considerando os 10.000 km2 mais adaptáveis ao cultivo do Eucalipto no estado do 

Espírito Santo verificou-se que as áreas mais adequadas para plantio das duas espécies de 

eucalipto estão localizadas nas regiões serrana, parte da sul e próximas ao litoral nordeste. 

Palavras-chave: Espírito Santo, lógica fuzzy, zoneamento. 

1. INTRODUCTION 

The productive potential of eucalyptus cultivated in tropical regions is very high and has 

few restrictions. Eucalyptus plantations totaled 5.56 million ha of land in Brazil in 2014 (IBÁ, 

2015), and about 8 million hectares are projected for 2020 (Sartori, 2008). One major advantage 

of eucalyptus forests is their rapid growth rate, which is well known for being the highest in the 

world among hardwood forests (Myburg et al., 2014). According to Scolforo et al. (2017), the 

states of Bahia and Espírito Santo have 15.5% of the eucalyptus plantations in Brazil and they 

are located in the subtropical zone. 

Brazil's high competitiveness in the forestry sector is based on favorable environmental 

conditions and on the efficiency of the employed technology as a result of solid investments in 

research and development by the companies, along with universities and other research 

institutions (Ribeiro et al., 2009). Eucalyptus wood can be used for cellulose, siderurgy, 

charcoal, firewood, plywood and wood sheets. It has a great influence on the national economy. 

Characteristics such as favorable natural conditions, advanced technological forestry 

development and other privileged conditions (geographic location, infrastructure, 

transportation logistics and industrial plants diversification) favor the growth of foprestry in 

Espírito Santo state (Valverde et al., 2005). However, the fast expansion of eucalyptus 

cultivated area with its high number of varieties and its great adaptability to the most varied 

ecological conditions led to the need for studies that could predict its productive capacity in 

different environments (Bognola et al., 2009).  

According to Xavier et al. (2013), eucalyptus crops are often established in locations with 

high atmospheric demand and sparse, irregular rates of annual rainfall, which endanger both 

the success and productivity of the crops. Therefore, the climatic zoning is an important tool 

for the delimitation of areas with climatic aptitudes for the planting and development of forest 

varieties, as established through climatic and hydrological indicators of the region. It also helps 

us in the decision-making process that can bring direct benefits to the crop (Klippel et al., 2013).  

The use of Geographic Information Systems (GIS) to identify areas where economically 

important forest cultivation may occur is of great value, because it provides the zoning 

elaboration that aggregates several types of information into a single database, making it 

possible to differentiate areas with greater or lesser adaptability (Facco et al., 2012; Francelino 

et al., 2012; Moraes et al., 2014; Menezes et al., 2015). Due to the growing importance of 

eucalyptus cultivation, the objective of this work was to determine areas climatically suitable 

for Eucalyptus grandis and Eucalyptus urophyla development in Espírito Santo state using GIS 

and strategic decision analysis. 



 

 

3 Climatic zoning for eucalyptus cultivation through strategic … 

Rev. Ambient. Água vol. 13 n. 1, e2119 - Taubaté 2018 

2. MATERIAL AND METHODS 

2.1. Studied area and database 

The area of this study was the state of Espírito Santo, with a 46,078 km² total area, located 

in the southwestern region of Brazil. Geographically, the state lies between the meridians 39°38' 

and 41°50' west longitude and between the parallels 17°52' and 21°19' south latitude. According 

to the Köppen classification system, the region fits into climatic zones A and C, which identify 

humid climates. The Aw, Am, Cf and Cw climatic subtypes are also found in the state, as well 

as the Cfa, Cfb, Cwa and Cwb variations (Siqueira et al., 2004). 

In order to identify suitable areas for eucalyptus planting, air temperature, precipitation, 

hydric deficit and land slope data were used. The data of air temperature, precipitation and 

hydric deficit were chosen because they are the main parameters representing the thermal and 

water conditions for the planting of eucalyptus (Ribeiro et al., 2009), which are also used in 

several other climatic zoning studies (Almeida et al., 2013; Barbieri et al., 2015; Pádua et al., 

2014; Pezzopane et al., 2010; Santos et al., 2016). 

The mean annual rainfall was obtained using the historical series of 79 rainfall stations 

belonging to the hydrometeorological network of the National Water Agency (ANA), to the 

National Meteorological Institute (INMET) and to the Center for Weather Forecasting and 

Climate Studies (CPTEC), considering a historical series of 30 years of data (1979-2008). The 

pluviometric stations location is shown in Figure 1. 

In ANA pluviometric stations, no air temperature measurements were performed. Those 

were obtained using the CALCLI software developed by Stock et al. (1991). The software 

makes temperature estimates based on geographic coordinates and distance from the coast. For 

this purpose, the geographic coordinates of the 79 rainfall stations were used.  

Based on the meteorological data for average air temperature and rainfall for all locations, 

the monthly climatic hydric balance was calculated using the methodology proposed by 

Thornthwaite and Mather (1955, described by Pereira et al., 2002). This method was chosen 

because of the compatibility with the available climatic data and reliability of the results. In this 

research, a value equivalent to 300 mm was considered for soil water storage capacity (DAC), 

based on the recommendations of Pereira et al. (2002).   

The land slope was determined by means of a digital elevation model, obtained by SRTM 

(Shuttle Radar Topography Mission) radar data, with a spatial resolution of 90 meters, 

equivalent to a scale of 1:250,000 (Miranda, 2005). 

The interpolation of temperature, precipitation and hydric deficit data was performed by 

means of ordinary kriging. Thus, for spatial dependence analysis, the semivariance was 

obtained as a function of the distance separating the samples. Works such as Carvalho and 

Assad (2005); Castro et al. (2010); and Gomes et al. (2011) obtained satisfactory results when 

using ordinary kriging to study the spatial distribution of rainfall and hydric deficit. 

The experimental semivariogram was obtained from the calculation of the semivariance as 

a function of different distances. It was then necessary to adjust a theoretical model to this 

experimental semivariogram. The theoretical models of semivariogram (Soares, 2006) were 

spherical, exponential, Gaussian and linear. Using the nugget effect, and the plateau and range 

obtained by means of the theoretical semivariogram, it was possible to obtain the spatial 

distribution of the variable under study by means of ordinary kriging. The theoretical model of 

semivariogram chosen provided the highest correlation between the values observed and 

estimated by kriging in the cross-validation, evaluated by the Pearson correlation coefficient 

tested by the t test at the 5% probability level. 
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Figure 1. Map with the pluviometric stations location used in the study. 

In order to obtain the restrictions related to the study, geographic information related to the 

location of flooded areas, special areas (environmental protection area, biological reserves, state 

parks, among others), hydrography and urban boundary were used. 

2.2. Evaluation by multiple criteria 

The zoning consisted mainly of the identification of areas climatically suitable for the 

cultivation of Eucalyptus grandis and Eucalyptus urophylla, in which the ideal hydrothermal 

conditions were established for their development and consequent productivity. In this work, 

the fuzzy concept was used to give all Espírito Santo’s locations a representative value of their 

suitability degree for a certain factor. 

Due to the fact that several factors were used to determine suitable areas, and considering 

that they have different weights in the decision process, a weighting of the variables was 

established using the Idrisi Selva software WEIGHT matrix according to each factor’s degree, 

described by Pinto (2010). The final importance of each variable was estimated through the 

AHP (Analytical Hierarchy Process) Method, applying the comparison matrix per pair. 

According to Calijuri et al. (2002), the algorithm used assists the establishment’s final 

importance by comparing the relative importance of the variables, decreasing subjectivity in 

the decision. 

The importance of the respective criteria was assigned according to their importance to the 

proposal. The weights of the factors used in the analysis were: 0.522 for annual hydric deficit; 

0.1998 for average annual temperature; 0.1998 for annual mean rainfall; and 0.0781 for land 

slope, totaling 1. The hydric deficit got the greatest weight because it was considered, among 
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the evaluated parameters, the main cause of losses in forest productivity (Gonçalves and Passos, 

2000; Teixeira et al., 2013). The slope received the lowest value because it was not a climatic 

parameter; however it was considered due to its effect on the productivity of wood-harvesting 

machines (Leite et al., 2014; Malinovski et al., 2006). 

The requirements of the eucalyptus varieties analyzed in this study regarding the 

temperature; precipitation; and hydric deficit; and land slope factors can be seen in Table 1. 

Table 1. Established requirements for the planting of two eucalyptus varieties. 

Varieties 
Average Annual 

Temperature (°C) 

Average Annual 

Rainfall (mm) 

Annual Hydric 

Deficit (mm) 
Land slope (%) 

Eucalyptus grandis 6 - 32 1000 – 1800 0 – 400 0 – 100 

Eucalyptus urophyla 12 - 29 1000 – 1500 0 – 400 0 – 100 

Source: Ribeiro et al. (2009). 

Choosing the suitability function, the relationship between the criterion and the decision 

sets, along with information availability, were used to infer the fuzzy member. In most cases, 

sigmoidal or linear functions are enough. For the temperature and precipitation factors, the 

symmetrical sigmoidal function was used, as can be seen in Figure 2, where it is considered 

that suitability increases from point "a" to point "b", it maintains the maximum from "b" to "c" 

and decreases from "c" to "d". For the factors of hydric deficit and land slope, we used 

decreasing functions, where it is considered that the suitability goes to maximum the closer it 

is to point "a". Figure 2 shows the adequacy functions used in this study. Table 2 shows the 

limits used in the adequacy functions for each factor under analysis. 

 
Figure 2. Sigmoidal decreasing (a), linear decreasing (b) and sigmoidal symmetric (c). 

Table 2. Limit of adequacy functions for each analyzed factor.  

Function Factor a b c d 

Sigmoidal symmetric 

Temperature1 0 6 32 32,5 

Temperature2 0 12 29 29,5 

Precipitation1 0 1000 1800 1900 

Precipitation2 0 1000 1500 1600 

Sigmoidal decreasing 
HD1 0 - - 400 

HD2 0 - - 400 

Linear decreasing 
Land slope1 0 - - 100 

Land slope 2 0 - - 100 

1: Eucalyptus grandis; 2: Eucalyptus urophylla. 

In order to finish the factor aggregation process, we used the Weighted Linear Combination 

(WLC) method of the Idrisi Selva software in the Multi Criteria Evaluation (MCE) module, 

which allows us to compensate the factors. In this process, the factors will be standardized on 

a continuous suitability scale from zero, the less adequate, to 255, the most adequate. The WLC 



 

 

Rev. Ambient. Água vol. 13 n. 1, e2119 - Taubaté 2018 

 

6 Micael de Souza Fraga et al. 

analysis was done by multiplying each standardized factor by its obtained weight and adding 

up the results below. 

The areas can be considered suitable for both eucalyptus varieties ("conflict areas"), since 

both species of eucalyptus have common ranges for temperature and precipitation, and the same 

ranges for hydric deficit and slope. Thus, the Multi-Objective Land Allocation Module 

(MOLA) was used in this study to identify "conflicting" areas and to obtain a conciliatory 

solution considering the suitability for the two eucalyptus varieties’ development. 

The MOLA module identifies a conciliatory solution to maximize the land suitability for 

each objective, considering the weights assigned to each of them. For this analysis, it was 

decided to identify the most adaptable 10,000 km2 for eucalyptus cultivation, in order to identify 

potential areas for the expansion of these crops in the state of Espírito Santo. In MOLA, the 

same weights were assigned to the varieties, as well as to the division of the area, with                       

5,000 km2 for each variety, considering that they have the same weight of importance in the 

state. 

3. RESULTS AND DISCUSSION 

Figure 3 shows a spatial distribution of the values of temperature, precipitation, hydric 

deficit and slope of the terrain that were obtained in the present study and taken as a basis for 

the climatic zoning of the eucalyptus crop in the state of Espírito Santo. 

The annual average temperature of the state of Espírito Santo is approximately 22.6°C, and 

varies from 17°C to 24°C, with a thermal amplitude of 7°C. When comparing these values with 

the optimal temperature ranges for eucalyptus species, it is noted that both are entirely within 

the mean annual values for the state. 

The mean annual precipitation found for the state of Espírito Santo was approximately 

1256.67 mm year-1, varying from 916 to 1766 mm year-1. It is noted that the highest values of 

precipitation occur in the southern, metropolitan and mountainous regions of the state. The 

lowest rainfall is observed in the north, northwest and northeast regions. In this scenario, 

according to Ribeiro et al. (2009), there are restrictions regarding the rainfall for the cultivation 

of eucalyptus species, since both species have 1000 mm as a lower limit of total annual 

precipitation. On the other hand, the species Eucalyptus urophylla has an upper limit of 

suitability of 1500 mm year -1, which is lower than that shown in some regions of the state. 

The annual hydric deficit varied from 0 to 349 mm year-1, with the lowest values in the 

southern, metropolitan and mountain regions, and highest values in the north and northwest 

regions of the state. However, all regions are at the limit of the favorable fitness class for both 

eucalyptus species (Ribeiro et al., 2009). 

From the spatial distribution of the factors and using the WLC analysis, adequacy maps 

were obtained for planting Eucalyptus grandis and Eucalyptus urophylla varieties in Espírito 

Santo state (Figure 4). The integration process factor resulted in the identification of areas with 

high potential for eucalyptus crop implantation, varying from 0 to 255. 

It can be seen from Figure 4 that there are areas across the entire state suitable for the 

planting of forest stands of the studied varieties, according to the established bases for zoning. 

Generally, the identification of suitable areas for planting different varieties uses boolean logic-

based modeling (Francelino et al., 2012; Rody et al., 2012; Sperandio et al., 2010), which is 

easy to apply, but in practice is considered very conservative in terms of risks, since the 

problem’s solution is obtained satisfying all criteria.  However, the WLC procedure avoided 

the rigid boolean decision on the definition of a location, and it has been widely used to 

characterize classes that do not have or do not set strict limits. According to Calijuri et al. 

(2002), by rescaling the factors on a standard continuous scale it is possible to compare them 

and combine them as in the boolean case. 
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Figure 3. Precipitation, temperature, hydric deficit and slope maps used in the study. 
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Figure 4. Suitability map for Eucalyptus grandis and for Eucalyptus urophylla. 

The less suitable areas have characteristics that adversely interfere in crop growth, such as 

high land slope, high hydric deficit and large variations in the ranges of suitability for 

precipitation and temperature. However, most of Espírito Santo state has high suitability for the 

development of these varieties. The northwestern region and part of the northern region are the 

ones that showed less suitability for both analyzed varieties of eucalyptus. This behavior is 

related to the highest values of hydric deficit in these regions. Based on the WLC analysis, it is 

observed that, although the maximum value found is within the range recommended by Ribeiro 

et al. (2009), the sigmoidal decreasing function used for the hydric deficit makes this parameter 

a limiting factor for the cultivation of the species, since the suitability of the areas decreases as 

the value of the hydric deficit deviates from 0 (Figure 2). 

Similar results were also found by Sperandio et al. (2010) for species of Eucalyptus grandis 

and Eucalyptus urophylla. Using hybrid species of Eucalyptus grandis x Eucalyptus urophylla, 

Tatagiba et al. (2015) and Xavier et al. (2013) concluded that high values of hydric deficit 

reduced the production of dry wood at the end of the eucalyptus productive process. 

In contrast to the variety Eucalyptus grandis, it is verified that the variety Eucalyptus 

urophylla presented a lower suitability in some localities of the mountain region. This behavior 

is due to the precipitation factor, which exceeded the upper limit of the optimum range for this 

variety development. In his work, Sperandio et al. (2010) also carried out a climatic zoning for 

the cultivation of different species of eucalyptus in the state of Espírito Santo. The authors 

concluded that the entire state is climatically suitable for the development of the studied 

eucalyptus species. Ribeiro et al. (2011) point out that productivity in areas where the climate 

is unfavorable is not uneconomical. However, if they are planted in areas other than those zoned 

as suitable, the species may not reach their productive potential. 
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From the suitability images, it was also possible to obtain the most suitable areas of the 

whole state of Espírito Santo to plant the analyzed varieties, as well as the areas of conflict 

among them, the suitable areas to plant both varieties (Figure 5 (a)). On Figure 5 (b) the results 

can be seen after the varieties’ conflict resolution, by the MOLA tool. 

 
Figure 5. Conflict and aptitude map between different eucalyptus varieties (a) and adequacy map 

obtained with MOLA tool (b). 

Figure 5 shows that the mountainous areas and near the northeast region coast are the most 

suitable for eucalyptus development, considering the 10,000 km2 of most suitable area for 

cultivation, and that a large part of this area presents the same climatic conditions for the 

development of the two species of eucalyptus (Figure 5 (a)). Basically, the difference in fitness 

between the two species was due to the fact that Eucalyptus grandis tolerate higher precipitation 

values than Eucalyptus urophylla.   

These two varieties were allocated in areas of 5,000 km2 each, having the same weights 

for each variety. It can be seen (Figure 5 (b)) that most of the conflict areas were allocated for 

the development of Eucalyptus urophylla. This procedure occurred due to the fact that areas 

with higher values of total precipitate were used to allocate Eucalyptus grandis. 

The climatic zoning presented in this paper indicates the areas with the greatest potential 

for the planting of eucalyptus in the state of Espírito Santo. However, it is important to 

emphasize the need for additional studies with other factors (edaphic and specific legislation), 

as well as the analysis of environmental and socio economic impact of the expansion of 

eucalyptus forests. According to Targa et al. (2017), the environmental impact analysis is 

necessary due to the discussion related to the availability of water in watersheds with extensive 

areas planted with eucalyptus. Arguello et al. (2010) report that socioeconomic impacts include 

job supply, rural exodus and income generation for small- and medium-sized farms. 
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4. CONCLUSIONS 

The state of Espírito Santo was highly climatically suitable to growing both Eucalyptus 

grandis and Eucalyptus urophyla. The Weighted Linear Combination (WLC) allowed for the 

identification of suitable areas in the state of Espírito Santo to cultivate both studied varieties. 

The northwestern region and part of the north region are the ones that showed the smallest 

adaptability value. The MOLA tool solved the conflict of suitability between the two eucalyptus 

species. The most suitable areas to plant these two eucalyptus in Espírito Santo are in the 

mountainous regions, part of the southern and near the northeastern shore, considering the 

10,000 km2 most suitable area for eucalyptus cultivation. 
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ABSTRACT 
Sanitation actions are rare in the communities of Manguinhos, so evaluation of the sanitary 

conditions of the river waters and the peridomestic soils of the communities allows the 

diagnosis of the risk of contamination. This study evaluated coliform levels (total coliforms and 

Escherichia coli) by the filter membrane method, and parasitological (by adapted Lutz and 

Baermann-Moraes methods) in the waters and soils of the Faria-Timbó, Jacaré and Canal do 

Cunha Rivers that pass through the communities of the Territory of Manguinhos, RJ, according 

to the standards established in Brazilian legislation. In all points of the rivers, the water was 

unfit, with an average level of Escherichia coli 3,800 times higher than that standardized in 

CONAMA Resolution No. 274/2000. Larvae, helminths eggs and protozoan oocysts were 

observed. Soil samples were also unfit, with mean total coliform level 77,000 times higher than 

that considered acceptable by SMAC Resolution 468/2010. The Escherichia coli average level 

was 53,000 times higher than that permitted by the legislation. However, helminths eggs were 

found in only one soil sample. It was concluded that the lack of sanitation in this locality results 

in the high coliform and parasitological levels of the river waters and in the peridomestic soils, 

and that immediate modifications are needed to the Brazilian environmental paradigm, which 

uses its water bodies as sewage disposal ditches. 

Keywords: coliforms, parasites, peridomestic soil, river water, sanitary quality. 
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Qualidade sanitária dos rios das Comunidades do Território de 

Manguinhos, Rio de Janeiro, RJ 

RESUMO 
Nas comunidades de Manguinhos ações de saneamento são escassas, por isso a avaliação 

das condições sanitárias das águas dos rios e do peridomicílio que perpassa as comunidades 

permite o diagnóstico do risco e da precariedade das situações de saneamento. Este estudo 

avaliou os níveis colimétricos (coliformes totais e Escherichia coli) pelo método de membrana 

filtrante, e parasitológicos (pelos métodos de Lutz e Baermann-Moraes adaptados) nas águas e 

no solo dos rios Faria-Timbó, Jacaré e Canal do Cunha que passam pelas comunidades do 

Território de Manguinhos, RJ, de acordo com os padrões estabelecidos em legislações 

brasileira. Em todos os pontos dos rios, a água estava imprópria com nível médio de Escherichia 

coli em 3.800 vezes maior do que o padrão estabelecido na Resolução CONAMA nº 274/2000. 

Sendo observadas larvas, ovos de helmintos e oocistos de protozoários. As amostras de solo 

também se apresentavam impróprias, com nível médio de coliformes totais em 77.000 vezes 

maior do que o aceitável pela Resolução SMAC nº 468/2010, e nível de Escherichia coli em 

53.000 vezes maior do que o padrão da legislação. Contudo, somente em um ponto de amostra 

de solo foram encontrados ovos de helmintos. Conclui-se que os reflexos da carência de 

saneamento nesta localidade refletem os elevados níveis colimétricos e parasitológicos das 

águas dos rios e no solo peridomiciliar, sendo necessária uma urgente modificação no 

paradigma ambiental brasileiro, que utiliza seus corpos hídricos como veículo de disposição de 

esgoto. 

Palavras-chave: água de rio, coliformes, parasitos, qualidade sanitária, solo peridomiciliar. 

1. INTRODUCTION 

The communities of the Territory of Manguinhos are located in the Canal do Cunha sub-

basin that is part of the Guanabara Bay basin. The sub-basin collects water from springs that 

cross densely populated areas, which also contribute to the contamination of rivers through the 

discharge of untreated sewage and solid residues directly into water bodies (FIOCRUZ, 2015). 

The neighborhood of Manguinhos includes thirteen communities with 38,461 inhabitants 

(Brasil, 2013) which do not have an adequate sanitation system. Sewage is discarded in septic 

tanks built by the residents themselves, or on the streets and sidewalks or directly into nearby 

rivers. Serious problems result, such as river pollution, which also arise from the discharge of 

waste in natura from factories. Another environmental problem of this region is related to 

floods, which impact the streets and residences, contaminating the environment and causing the 

risk of human disease. This occurs because areas are below sea level, and so flood-prone, and 

because of unplanned habitation of low areas (FIOCRUZ, 2015). 

Safety standards for bathing are set forth in the Resolution of the National Environmental 

Council (CONAMA) No. 274/2000 (CONAMA, 2001). However, the poorest populations are 

living in areas at social risk and more subject to environmental degradation (Fujimoto, 2000). 

In Brazil there is still no federal standards for soil quality, only specific environmental 

legislation (Sotero-Martins et al., 2014), such as the municipal Resolution of Rio de Janeiro 

(SMAC) No. 468/2010 (Rio de Janeiro, 2010). Soil and water are considered important sources 

for transmission of vectors that cause diseases in humans and animals. Diseases related to 

contaminated soil, for example, are ascaridiasis, tricuriasis, visceral and cutaneous larva 

migrans (Silva et al., 2009). The most water-related diseases are giardiasis, amebiasis, acute 

diarrheal disease (Brasil, 2015) and cryptosporidiasis (Mons et al., 2009). 
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The present work reports the sanitary conditions of the Faria-Timbó, Jacaré and Canal do 

Cunha Rivers that pass through the communities of the Territory of Manguinhos, RJ, according 

to the standards established in Brazilian legislation. In order to obtain more information on this 

locality neglected by the city management system, it highlights the importance of the sanitary 

quality of soil and water in regions with a low supply of sewage, since they are environmental 

matrices involved in the transmission of diseases, which affect humans and animals. This study 

will contribute information to support the creation of national legislation on the sanitary quality 

of primary contact soil, considering threshold values for the presence of parasites and coliforms. 

2. MATERIALS AND METHODS 

An observational descriptive exploratory study of environmental health was carried out in 

2015. Samples were collected at the upstream and downstream points of the Faria-Timbó, 

Jacaré and Canal do Cunha Rivers in relation to the communities of Manguinhos (Handam, 

2016), and were georeferenced (GPS) according to Table 1. A map of the Communities of 

Manguinhos´s Territory, Rio de Janeiro, RJ, with sampling points from rivers is available at: 

https://www.google.com/maps/d/edit?mid=zu9uU8Nlhl0Y.kOoze1i21ZOM. The points were 

chosen considering the contact of the residents with these environments. At each sampling point 

(n=7) a representative sample of water and soil was collected for coliform and parasitological 

analyses, totaling fourteen samples. 

Table 1. Collection points of the Faria-Timbó, Jacaré and Canal do Cunha Rivers and the 

locations and coordinates obtained by georeferencing (GPS), Rio de Janeiro, RJ. 

Points Locations Description Coordinates 

Point 1 upstream of the Faria-Timbó River 22º52'18.2" S, 043º15'13.7" W 

Point 2 upstream of Faria-Timbó River 22º52'41.7" S, 043º15'05.9" W 

Point 3 downstream of the Faria-Timbó River 22º52'51.8" S, 043º14'44.6" W 

Point 4 upstream of the Jacaré River 22º53'01.9" S, 043º15'08.6" W 

Point 5 downstream of the Jacaré River 22º52'52.5" S, 043º14'46.0" W 

Point 6 upstream of the Canal do Cunha River 22º53'14.2" S, 043º14'45.2" W 

Point 7 downstream of the Canal do Cunha River 22º52'50.6" S, 043º14'28.4" W 

For coliform analyses, water and soil samples were collected at the river bank and 

transferred to sterile bottles. Within 24-h, the samples were analyzed (APHA, 2012). The soil 

samples were diluted in a buffer solution [1.25 ml/l stock solution A (monopotassium phosphate 

34 g/l) and 5.0 ml/l stock solution B (magnesium chloride 81 g/l), pH 7.5 ± 0.25] sterilized at 

121°C. After stirring the samples in the buffer solution, they remained decanted for 30 min. 

Then serial dilutions of 10, 500 and 25000 times were performed on the soil samples. The water 

samples were serially diluted 10, 100 and 1000 times (Handam, 2016; Sotero-Martins et al., 

2017). 

Detection of total coliforms/Escherichia coli (E. coli) was verified using chromogenic 

indicator culture medium, Chromocult® Coliform Agar (Cat. No. 1,10426,0100 / 500 Merck), 

and the membrane filtration method (APHA, 2012). The coliform results for total coliforms 

(CT) and Escherichia coli (EC), were transformed from most probable number (MPN) per 100 

ml to colony-forming unit (CFU) per ml, based on data described by Gronewold and Wolpert 

(2008) (Handam, 2016; Sotero-Martins et al., 2017). Threshold values for the soil matrix were 

considered to be improper when it had CT and EC levels above 138.44 CFU/g and 17.54 CFU/g, 

respectively, and for the water matrix when EC levels were above 9.23 CFU/ml. 

Parasitological analysis of soil samples was performed using the adapted Lutz and 

Baermann-Moraes Methods (Amaral et al., 2015). After sedimentation, the supernatant 

discarded, and the pellet preserved in SAF (2.9 ml of acetic acid, 1.5 g of sodium acetate,                  
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4.0 ml of 40% formaldehyde and 92.5 ml of distilled water). The sample was then rested for 30 

minutes to allow for new sedimentation. Finally, six slides of each sample were analyzed, which 

contained 50 μl of the bottom sediment of a falcon tube stained with lugol under a microscope 

with magnifications of 100 times and 400 times, the latter being used to verify the 

measurements of the parasites (Handam, 2016; Sotero-Martins et al., 2017). The correlation of 

the coliform and parasitological results in the water and soil samples of the rivers was analyzed 

by the correlation Pearson coefficient test for parametric and Spearman data for nonparametric 

data (p <0.05) by the program BioEstat 5.3 (Ayres et al., 2007). 

3. RESULTS AND DISCUSSION 

The bacteriological parameters analyzed for the river waters were the bacteria of the 

coliform group having as standard the levels described in CONAMA Resolution No. 274/2000. 

The indicators evaluated were total coliforms (CT), which are Gram negative bacteria which 

can be found in the soil and in decomposing plant matter and do not necessarily correlate with 

fecal origin, but are more resistant in water than pathogenic intestinal bacteria (APHA, 2012). 

The other parameter of greatest relevance was the levels of Escherichia coli (EC), the main 

indicator of fecal contamination, as it is a bacteria present in the human intestinal tract and in 

homoeothermic animals, described in the legislation of several countries (Sotero-Martins et al., 

2014). 

The results of coliform levels for river water were improper at all sampling points, 

according to the standards established in CONAMA Resolution No. 274/2000. The highest 

levels of contamination were found in the sample upstream of the Canal do Cunha River, with 

a level of Escherichia coli (CFU/ml) 6,575 times higher than the recommended standard for 

bathing, and of total coliforms with a value of 67,500 CFU/ml. The lowest levels were identified 

at the points upstream of the Faria-Timbó River, with a level of Escherichia coli (CFU/ml) 

2,900 times higher than the standard established in the legislation, and total coliforms with a 

value of 27,000 CFU/ml (Figure 1). 

 
Figure 1. Total coliform and Escherichia coli 

levels in the water of the Faria-Timbó, Jacaré and 

Canal do Cunha Rivers, which pass through the 

Manguinhos, RJ communities. The limit values 

for appropriate recreational water classification 

are: Escherichia coli (9,23 CFU/ml), according to 

the Resolution of the National Environment 

Council – CONAMA 274/2000, considering data 

from the study by Gronewold e Wolpert (2008). 

Break interval: 100 – 400. 
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 The average contamination by E. coli in the water of the Faria-timbó, Jacaré and Canal 

do Cunha Rivers was 35,029 CFU/ml, 3,800 times higher than the standard value for bathing. 

The mean value of contamination by total coliforms was 47,250 CFU/ml. The coliform results 

of soil samples revealed that they were improper for primary contact, according to SMAC 

Resolution No 468/2010. The highest levels of contamination were found downstream of the 

Jacaré River, with total coliform levels of 170,639, and E. coli levels were 192,307 times 

greater. The lowest levels of total coliforms and E. coli were verified at the upstream point of 

the Canal do Cunha River, with total coliform levels of 469 and E. coli 3,988 times higher 

(Figure 2). The contamination averages found by total coliforms and by E. coli were, 

respectively, 77,000 and 53,000 times higher than the acceptable level for human health 

established by legislation. 

 
Figure 2. Total coliform and Escherichia coli levels in 

the soil of theFaria-Timbó, Jacaré and Canal do Cunha 

Rivers, which pass through the Manguinhos, RJ 

communities. The limit values for appropriate soil 

classification are: total coliforms (138,44 CFU/g), 

Escherichia coli (17,54 CFU/g), according to the 

Resolution of the Municipal Secretary of Environment 

– SMAC Nº 468/2010, considering data from the study 

by Gronewold and Wolpert (2008). Break interval: 200 

– 400. 

The levels indicated the use of water from the rivers was unfit for recreation and that the 

soil was unfit for primary contact without first having a disinfection process in order to 

eliminate the bacteria present. This contaminated water is commonly used for recreation, and 

comes in contact with the peridomestic soil (Gonçalves et al., 2003). 

Regarding the parasitological analyses, 71% (5/7) of the water samples were contaminated, 

with the presence of 25 larvae of nematodes (filariform larvae - 20; rhabditiform larvae - 5), 15 

helminth eggs and 2 protozoan oocysts detected. The downstream point of the Faria-Timbó 

River was the one which presented the highest parasitological contamination in comparison 

with the other points. The following were observed: filariform larvae (9) and rhabditiform 

larvae (3); egg of Toxocara sp. (1) and Ascaridata (1); oocysts of Coccidia sp. (1) and Isospora 

sp. (1). At the point upstream of this same river were found eggs of Ascaris sp. (1) and 

Strongylata (1). In the samples of the points upstream of the Faria-Timbó River and of the 

Jacaré River there were no parasites present. However, at the sampling point downstream of 

the Jacaré River eggs of Hymenolepis sp. (1), Toxocara sp. (1) and rhabditiform larvae (2) were 
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found. At the point upstream of the Canal do Cunha River eggs of Ascaris sp. (2), Toxocara sp. 

(2), Ascaridata (1), Strongylata (2); Enterobius sp. (1); and filariform larvae (6) were found. 

Downstream of this river an egg of Enterobius sp. (1) and filariform larvae (5) were identified. 

The results of the parasitological analyses of the soil samples showed that only the sample of 

the upstream point of the Jacaré River presented the presence of parasites. At this point, three 

Ascaridata eggs with morphometric indicating Toxocara sp. (3) were found. There were loads 

of solid waste and human feces nearby, probably brought by the water pollution of rivers and 

the people who lived at this location, and there was the feces of animals that transit the 

environment.  

It constitues a public health problem that some parasites may be transmitted by water and 

also by contaminated soil, since they can contaminate the water sources and peridomestic soil 

and due to the peculiarity of the biological cycle of its etiological agents. Also, the proximity 

between human and animal makes disease agents relatively important from the epidemiological 

point of view (Rey, 2008; Sotero-Martins et al., 2014; Amaral et al., 2016). 

The statistic correlation between the results of parasites with total coliform and 

Escherichia coli levels found in river waters showed a positive relation, with a Pearson 

coefficient of 0.4948, about 50% with a p-value of 0.2577, and of 0.5946, about 60% with                   

p-value of 0.1590, respectively (> 0.05). The correlation analysis performed with the soil 

samples revealed no correlation between the data. The Faria-Timbó, Jacaré and Cunha Rivers, 

besides receiving domestic sewage in most of their extensions, also receive industrial sewage, 

which causes an increase in the density of microorganisms.  

The high pollution of the rivers can be reversible with the interruption of the polluting 

sources or the reduction of the discharge of sewage. However, it is necessary that public 

authorities ensure that the rivers are not used as a discharge channel. The effects of sanitary 

actions, or the lack thereof, greatly impact the environment, and in particular water resources 

(Heller and Castro, 2007). 

4. CONCLUSIONS 

The levels of coliforms found in river waters and peridomestic soil points for the 

communities of the Manguinhos Territory were above the limits recommended by specific 

legislation. In addition, parasites found in these environmental matrices demonstrate the 

precariousness of sanitation in this area, and coupled with the high levels of sewage 

contamination of the rivers places the communities of Manguinhos at risk of infections which 

can transmitted by water or soil. An urgent change is required in the Brazilian environmental 

paradigm, which uses its water bodies for sewage disposal. 
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ABSTRACT 
 Ecotoxicological tests applied to Tradescantia pallida, Allium cepa and Lactuca sativa 

were used to assess the quality of the Uberaba River basin under urban area influence. Water 

samples were collected at eight different points during the dry season. The samples were 

assessed using the following toxicity indicators: micronuclei percentage in T. pallida pollen 

grains (TRAD-MN), seed germination, root growth, mitotic index (MI) and micronuclei in A. 

cepa root-cells, and seed germination and root growth in L. sativa. Water physicochemical 

parameters such as temperature, dissolved oxygen (DO), pH and electric conductivity were 

assessed in situ. The three plant species were efficient bio-indicators, since they presented good 

cost-benefit and fast and easily interpreted results, thus completing the physicochemical 

parameters. There was strong correlation between seed germination and root growth among the 

ecotoxicological parameters assessed in L. sativa and A. cepa. The micronuclei percentage in 

T. pallida and the MI in A. cepa presented strong correlation with water electric conductivity 

and moderate and negative correlation with DO. Water electric conductivity ranged from 75 to 

438 µS.cm-1; and the DO concentrations ranged from 0.5 to 6.9 mg.L-1. The importance of 

pollution control measures in the Uberaba River basin stands out. From the supply-water 

capture point, the basin is strongly affected by pollution, mainly in the tributaries that cross the 

city. It presents a short, or almost absent, riparian forest line, residues on the river banks, and it 

is impacted by discharges of untreated sewage, among other anthropic actions. 

Keywords: Water pollution, ecotoxicology, bioindicator. 

Influência urbana na qualidade da água da bacia do Rio Uberaba: 

uma avaliação ecotoxicológica 

RESUMO 
Testes ecotoxicológicos com Tradescantia pallida, Allium cepa e Lactuca sativa foram 

utilizados para avaliar a qualidade da bacia do rio Uberaba, sob influência da área urbana. 

Amostras de água coletadas em oito pontos, no período seco, foram avaliadas pelos indicadores 

de toxicidade: porcentagem de micronúcleos em grãos de pólen de T. pallida (TRAD-MN), 
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germinação das sementes, crescimento radicular, índice mitótico (MI) e micronúcleos em 

células da raiz de A. cepa, e germinação e crescimento radicular de L. sativa. Os parâmetros 

físico-químicos da água: temperatura, oxigênio dissolvido (OD), pH e condutividade elétrica 

foram analisados no momento da coleta. As três espécies vegetais foram eficientes como 

bioindicadores, tendo bom custo-benefício e resultados rápidos e facilmente interpretáveis, 

complementando os parâmetros físico-químicos. Dentre os parâmetros ecotoxicológicos 

analisados em L. sativa e A. cepa, foi verificada forte correlação entre a germinação das 

sementes e o crescimento radicular. A porcentagem de micronúcleos em T. pallida e MI em A. 

cepa apresentaram forte correlação com condutividade elétrica da água e correlação moderada 

e negativa com OD. A condutividade elétrica da água variou de 75 a 438 µS.cm-1 e as 

concentrações de OD, de 0,5 a 6,9 mg.L-1. Evidencia-se a importância de medidas de controle 

da poluição na bacia do rio Uberaba, que a partir do ponto de captação de água para 

abastecimento, encontra-se altamente impactado, principalmente os afluentes que cortam o 

município, apresentando estreita faixa de mata ciliar ou nenhuma, depósito de resíduos nas 

margens, lançamento de esgoto in natura, entre outras ações antrópicas. 

Palavras-chave: Poluição da água, ecotoxicologia, bioindicador. 

1. INTRODUCTION 

Environmental sanitation is essential for the promotion of public health and environmental 

sustainability. It is estimated that improper sanitation causes 280 thousand diarrheal deaths  

yearly, and is an important risk factor for many neglected tropical diseases, mainly impacting 

the infant population in developing countries (WHO, 2016). 

Population growth in Brazil, which is not accompanied by investment in sanitation, deals 

with low domestic sewage collection and treatment indices. Therefore, most of monitoring 

points in the surface water of urban centers are in poor quality, a fact that compromises the 

potable-water supply (ANA, 2017). 

In this context, Uberaba County holds a privileged position in Minas Gerais State, because 

more than 70% of its domestic effluents are treated and solid residues are disposed of in 

landfills. However, the water bodies in the urban area are highly degraded and represent risk to 

both the population and the environment (Mateus et al., 2015). 

Many physicochemical and biological parameters are used by the responsible agencies to 

monitor and control water pollution. These parameters are fundamental to classify and frame 

the water bodies according to water quality classes, and potability and bathing patterns, 

indicating the impacts generated by the inadequate management of water resources (ANA, 

2017). However, these analyses do not allow for the detecting of the effect of water pollution 

on biological systems, since they concern samplings of immediate variables that do not allow 

the understanding these ecosystems’ dynamics as a whole. 

The comprehension of effects on ecosystems, resulting from the chronic exposure to a 

range of pollutants, is a challenge that demands innovative approaches. Water ecosystems are 

the main receptors of pollutant mixes deriving from domestic, industrial and agricultural 

effluent disposal. Many of these effluents, such as chemical substances (pharmaceutical 

residues, endocrine disruptors, hormones, among others) and microorganisms, including 

reemerging disease pathogens such as protozoa belonging to genera Cryptosporidum and 

Giardia, that are not removed through conventional water and sewage treatment, can be 

considered emerging pollutants (Gavrilescu et al., 2015). 

Chemical data themselves are not enough to assess the potential risks of emerging 

pollutants, mainly when it comes to long-term and low-concentration exposure. In parallel, bio-

monitoring procedures have great potential to increase trust in risk-to-health studies and to 
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better understand the functioning of services provided by water ecosystems. Among the 

different biosensors used in ecotoxicology, plants have genetic features that turn them into 

efficient mutagenic and cytotoxicity detection models because they present quantifiable results 

of easy access (Favaro et al., 2016; Haq et al., 2017; Merlo et al., 2011).  

Thus, the aim of the present study was to assess the quality of the water in the Uberaba 

River basin under the influence of urban area, based on ecotoxicological bioassays and 

physicochemical parameters. 

2. MATERIAL AND METHODS 

2.1. Study area 

The present study was conducted in Uberaba City, Triângulo Mineiro region - Minas 

Gerais State. The total area of the county corresponds to approximately 4,500 km2 and the 

population is estimated at approximately 325 thousand inhabitants; more than 90% of them live 

in the urban area. According to Köppen, the climate in the region is classified as tropical Aw, 

with rainfall concentration in spring and summer (from October to March); fall and winter are 

dry (from April to September). The mean annual rainfall is approximately 1,400 mm; 34% of 

the rain events take place in December and January (Uberaba, 2012). 

The Uberaba River is the main water body in the county and is responsible for most of the 

water supply to the population. This river belongs to Grande River basin; its spring is located 

next to the crossroad to Ponte Alta City (on BR-262) and flows through approximately 140 Km, 

until reaching the Grande River. Besides crossing Uberaba County (East/West direction), the 

river also passes by Veríssimo, Conceição das Alagoas, and Planura counties. The Uberaba 

River has a sewage treatment station (STS) able to treat 456 L.s-1 of sewage, approximately 

74% of the domestic effluents in Uberaba (2007) (Uberaba, 2012). 

The collection points were selected throughout 12 Km of the Uberaba River basin, starting 

from the upstream of supply-water capture station (A), crossing the urban area (B, and D), at 

three tributaries (C, E and F), until the upstream (G) and the downstream (H) of the effluent 

disposal treated in the STS (Figure 1). 

The water sample collections and the monitoring of physicochemical parameters were 

performed in July 2016 during the dry season. 
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Figure 1. Sampling points at Uberaba River basin, Uberaba-MG, Brazil. 

2.2. Tradescantia pallida bioassay – TRAD-MN 

The micronuclei analysis applied to T. pallida pollen grain cells was conducted according 

to the methodology proposed by Ma (1981) and Mielli et al. (2009), with modifications. 

Between 5 to 10 T. pallida floral stems, approximately 10 cm long, were kept in beakers 

containing distilled water for 24 hours, for adaptation purposes. Next, they were exposed to the 

negative control (distilled water), to the positive control (2% formaldehyde) and to the water 

collected at the sampling points, for another 6 hours. The floral stems were once more placed 

in distilled water, for 24 hours; subsequently, the inflorescences were fixed in Carnoy 3:1 

solution (3 parts of ethanol per 1 part of acetic acid) and stored in 70% alcohol. 

The fixed flower buds were dissected and inked in carmine acetic (prepared through 

boiling in 0.5 g carmine powder in 100 mL of 45% acetic acid). The micronuclei counting was 

performed in optical microscope at 400x magnitude, in a random group comprising 300 tetrads, 

thus totaling five slides per point. The micronuclei frequency was expressed as a percentage. 

2.3. Allium cepa bioassay 

Bioassay using A. cepa (onion) seeds was performed according to the methodology 

proposed by Bianchi et al. (2011), with adaptations. Seeds belonging to variety Piriform Bay 

(ISLA PAK brand), with no chemical treatment, were left to germinate in petri dishes covered 

with filter paper, saturated in 4 mL of the collected water and distilled water (control) samples. 

Each assay was conducted in triplicate, with 15 seeds per dish. The ecotoxicological assessment 

was performed through germination percentage and root growth inhibition, after the samples 

were kept for 5 days in the dark at room temperature. 

Subsequently, the roots were  sectioned, transferred to 50 mL tubes containing Carnoy 3:1 

solution and stored in a refrigerator until slide preparation. The roots were taken off the fixer 
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and submitted to 3 baths in distilled water, for 5 minutes. Next, they were dried in filter paper, 

hydrolyzed in HCl 1N at 60°C for 10 minutes and washed in distilled water (3 baths). As a next 

step, the roots were dried in filter paper and transferred to dark flasks with Schiff reactive for 

approximately 2 hours. 

The roots were once more washed in distilled water for total ink-excess removal. The 

meristematic region of each root was sectioned, smashed in one drop of carmine acetic, and 

covered with coverslip. Five slides were prepared for each treatment and 500 cells were counted 

per slide in optical microscope under 400x magnitude, in order to assess the cytotoxic and 

mutagenic effects. The mitotic index (MI), which consists of the percentage of cells into 

division, and the micronuclei frequency were calculated. 

2.4. Lactuca sativa bioassay 

The bioassays using L. sativa (lettuce) seeds (ISLA PAK), Manteiga variety, without 

previous chemical treatment, were performed according to the methodology proposed by 

Sobrero and Ronco (2004). The seeds were disposed in petri dishes, just as in the A. cepa assay. 

The ecotoxicological assessment was conducted using germination percentage and root growth 

inhibition. 

2.5. Physicochemical parameters 

The water quality physicochemical parameters such as temperature, pH, electrical 

conductivity and dissolved oxygen (DO) were analyzed in situ by using the YSI multiparameter 

probe. 

2.6. Data analysis 

Data of the ecotoxicological assays were subjected to ANOVA to compare the treatments 

and, when significance level reached (p < 0.05), the Tukey test was applied for multiple 

comparison in the BioEstat 5.0 software. The ecotoxicological results were also compared to 

the physicochemical parameters by calculating the Pearson’s coefficient correlation. 

3. RESULTS AND DISCUSSION  

3.1. Tradescantia pallida bioassay – TRAD-MN 

The micronuclei frequencies in T. pallida were higher than the frequencies in the negative 

control, in all samples, thus ranging from 2.73% to 6.13% (Figure 2). As spontaneous mutation 

rates do not often exceed 2% of micronuclei, frequencies higher than that correspond to the 

exposure to polluted environments and are considered as genotoxic effect (Pereira et al., 2013). 

The samples from points B, C and F exceeded the micronuclei frequency shown by the 

positive control (4.5%), which were exposed to formaldehyde (an agent seen as toxic to plants) 

(Mielli et al., 2009). Points B and C showed evident anthropic changes such as domestic effluent 

discharge in the water course, besides unpleasant odor, absence of riparian forest and residue 

accumulation on the riverbanks, among others. Point F, which is located in the final portion of 

Juca Stream, had unpleasant odor and received effluent from the food industry (poultry 

slaughter). Although treated, this effluent is discharged in the stream and has significant 

pollutant load, a fact that compromises the health of the ecosystem. 

The point A has presented lower micronuclei frequency in comparison to the other points; 

however, some anthropic changes were observed in the region, such as a short riparian forest 

line and the deposition of residues at some forest points. There are also many small properties 

around this point, that often have conventional cesspools and breed animals near the river. 
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Figure 2. NC = negative control. PC = positive control. Bars 

represent the standard deviation of the mean. Different letters 

indicate significant difference by ANOVA and Tukey (p < 0,05). 

Frequency of micronuclei in T. pallida exposed to different water 

samples from the Uberaba River basin, Uberaba-MG, Brazil. 

The ecotoxicological assays using T. pallida are quite common due to the easiness of 

visualizing the micronuclei and because they are of fast conduction and low cost. This plant is 

considered a bio-indicator of high sensitivity to genotoxic agent exposure, besides its large 

availability and seedling collection (Klumpp et. al., 2006; Mišík et al., 2011). 

Costa et al. (2014) also reported the genotoxic effect of water bodies on T. pallida. They 

assessed the quality of the water from the Schmidt Stream and from the Sinos River in Campo 

Bom (Rio Grande do Sul State) and found micronuclei frequencies between 3.2% and 4.81%. 

The results have pointed out the peculiar conditions of each assessed environment; therefore, 

they have become significant indicators able to integrate water quality management and control 

programs. 

Another study involving T. pallida was conducted by Umbuzeiro et al. (2007) in Cristais 

River, at metropolitan region of São Paulo city. The authors found 1.8% of micronuclei in plants 

exposed to water from the tributary considered a reference point; and 6.2% of micronuclei in 

the downstream of a textile industry. These values are similar to those in the present study 

concerning points B, C and F. 

3.2. Allium cepa bioassay 

The germination rate of A. cepa seeds was high in all points (83.2%, on average), except 

for Point C (37.8%) (Table 1). The seeds exposed to water samples from this point, although 

presenting high MI, suffered mutation throughout the mitotic division, a fact that led to the 

higher micronuclei rate and higher root growth inhibition in comparison to the other points. 

These parameters have been broadly used to detect the lethal and sub-lethal effect of lotic 

ecosystem toxicity on A. cepa seeds and plantlets (Braga and Lopes, 2015). 

On the other hand, some points, such as A and B, presented seed germination and root 

growth similar to the control, but with high micronuclei rates. Cytotoxicity is not always 

inversely correlated with genotoxicity in A. cepa. The water pollution by domestic effluent and 

by the deposition of residues on the riverbanks found in these points has probably increased the 

concentration of nutrients in the water to the extent to favor seed germination and root growth, 

despite causing chromosome mutations (Echeverry and Pinilla, 2007).  
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Table 1. Ecotoxicological effects on A. cepa exposed to different water samples from the Uberaba River 

basin, Uberaba-MG, Brazil. 

Treatment/ sampling points Germination (%) Root (cm) MI (%) MN (%) 

Control 80.0 ± 6.7 a 2.9 ± 0.5 a 8.1 ± 0.6 a 0.2 ± 0.1 a 

A 71.1 ± 7.7 a 2.3 ± 0.3 ab 5.6 ± 0.3 b 0.8 ± 0.2 b 

B 82.2 ± 3.8 a 2.8 ± 0.1 a 9.8 ± 0.7 c 0.9 ± 0.1 b 

C 37.8 ± 15.4 b 1.5 ± 0.1 b 8.9 ± 0.7 ac 0.9 ± 0.2 b 

D 82.2 ± 3.8 a 2.2 ± 0.3 ab 8.2 ± 0.6 a 0.4 ± 0.2 a 

E 93.3 a 2.2 ± 0.2 ab 5.0 ± 0.3 b 0.7 ± 0.2 b 

F 82.2 ± 7.7 a 2.2 ± 0.3 ab 6.8 ± 0.6 d 0.5 ± 0.1 a 

G 88.9 ± 3.8 a 2.2 ab 8.7 ± 0.5 ac 0.6 ± 0.2 ab 

H 82.2 ± 13.9 a 2.4 ± 0.4 a 7.7 ± 0.4 ad 0.4 ± 0.1 a 

MI = Mitotic index; MN = Micronuclei frequency. Different letters indicate significant difference by 

ANOVA and Tukey (p < 0,05). 

These results were similar to those found by Mendes et al. (2011) in samples from 

Marombas River (Santa Catarina State). According to them, despite the agrochemicals detected 

in the water, the results suggest that root growth was not sensitive to pollutants under the assay 

conditions. 

Düsman et al. (2011) found cytotoxicity in the water of urban streams in Maringá (Paraná 

State) to the meristematic cells of A. cepa roots. They attributed the increased MI to the possible 

presence of mitogenic-capacity substances causing uncontrolled cell proliferation and, even, 

tumor tissue formation. 

3.3. Lactuca sativa bioassay 

Just as in A. cepa, the germination of L. sativa seeds was high in all points and similar to 

the control (96.5%, on average), except for Point C (73.3%) (Table 2). The water samples from 

this point also caused root growth inhibition. The germination of L. sativa seeds and the root 

growth may be highly affected by the exposure to different domestic and industrial sewage 

doses.  

The other points, except for Point A, presented root growth increase in comparison to the 

control. Echeverry and Pinilla (2007) observed similar L. sativa root-growth results in water 

samples from the Bogotá River (Colombia), and related such result to the high concentration of 

nutrients from domestic discharges. 

Table 2. Ecotoxicological effects on L. sativa exposed to different water 

samples from the Uberaba River basin, Uberaba-MG, Brazil. 

Treatment/ Sampling points Germination (%) Root (cm) 

Control 97.8 ± 3.8 a 6.9 ± 0.2 a 

A 95.6 ± 3.8 a 6.9 ± 0.5 ab 

B 100.0 a 7.8 ± 0.3 b 

C 73.3 ± 6.7 b 3.9 ± 0.4 c 

D 91.1 ± 7.7 a 7.7 ± 0.7 b 

E 97.8 ± 3.8 a 7.3 ± 0.4 ab 

F 93.3 a 7.9 ± 0.1 b 

G 100.00 a 7.5 ± 0.1 b 

H 97.8 ± 3.8 a 7.3 ± 0.1 b 

Different letters indicate significant difference by ANOVA and Tukey 

(p < 0,05). 
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3.4. Physicochemical parameters 

The Uberaba River is classified as Class 2 according to the CONAMA Resolution                        

nº. 357/2005, and its effluents, as they have no classification, belong to the same class 

(CONAMA, 2005). However, the chance of having Uberaba River meeting the water quality 

limits set by Class 2 is almost nil, since it is affected by different anthropic actions and by the 

confluence with polluted effluents, mainly the Lages Stream, which is channeled and drains 

most of Uberaba’s urban area (Mateus et al., 2015). 

The analysis of physicochemical parameters showed that all points were in compliance 

with the pH set by the quality classes described in the legislation (between 6 and 9) (CONAMA, 

2005) (Table 3). Point A presented the lowest temperature (21.3°C) and the lowest water 

electric conductivity (75.2 µS.cm-1). This point also showed the highest DO concentration                     

(6.9 mg.L-1), and was the only one in conformity with the standard set by the legislation for 

Class 2. 

The highest temperatures were recorded in Points C and H. Point C also stood out for 

presenting the highest water conductivity (586 µS.cm-1) and the lowest DO (0.5 mg.L-1) 

concentration. An important feature of the domestic effluents lies in the fact that they have 

slightly higher temperature than the supply water, thus affecting processes vital to the water 

ecosystem (Von Sperling, 2005). 

Values above 100 µS.cm-1 for water electric conductivity indicate environmental distress 

(CETESB, 2009). Point F presented the second highest water conductivity value                                    

(438.1 µS.cm-1), a fact that can be explained by industrial effluent discharge into the upstream 

of the sampling point, thus corroborating the high micronuclei value found in T. pallida. 

The Pearson’s coefficient showed strong correlation between water electric conductivity 

and the presence of micronuclei in T. pallida (r = 0.9), as well as moderate correlation with the 

mitotic index in A. cepa (r = 0.7). 

Table 3. Water physicochemical parameters in the Uberaba River basin. 

Sampling points pH Temperature (°C) Electrical conductivity (µS.cm-1) DO (mg.L-1) 

A 7.7 21.3 75.2 6.9 

B 7.5 23.6 369.8 2.0 

C 7.7 25.5 586.0 0.5 

D 7.5 24.1 279.5 1.5 

E 7.5 23.3 128.6 4.5 

F 8.1 24.2 438.1 4.8 

G 8.0 24.0 416.1 4.5 

H 7.8 25.6 290.7 3.8 

4. CONCLUSIONS 

The present results have evidenced that the herein-used plant species are efficient bio-

indicators of good cost-benefit, easy result-interpretation and of fast response to adverse 

environmental conditions. However, the conducted ecotoxicological tests have different 

sensitivities to water pollution and, whenever possible, they must be performed in combination 

in order to complete the physicochemical parameters. The T. pallida bioassay detected 

genotoxic effect caused by water samples polluted with domestic (Point C) and industrial (Point 

F) effluent disposal. On the other hand, the A. cepa and L. sativa seed were more sensitive to 

pollution resulting from domestic effluent (Point C). 

From the supply-water capture point, the Uberaba River is quite affected due to its 

proximity to the urban area; it presents a short, or absent, riparian forest line, as well as residue 
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accumulation on the riverbanks, among other anthropic actions. The river receives domestic 

and industrial effluents, mainly after the confluence with the Lages and Juca Streams. 

The present results have evidenced the need of investigating in depth the chemical 

composition of the water in the Uberaba River basin and the pollution sources. It is also 

necessary to invest in the environmental recovery of the Uberaba River tributaries and in 

pollution control measures. Examples of these are the expansion of effluent collection and 

treatment, as well as the inspection of irregular discharge sources, in order to assure the integrity 

of aquatic ecosystems and the use of this natural resource by future generations. 
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ABSTRACT 
Tannery is a highly polluting activity due to the waste generated by bovine skin processing. 

Although there are several studies highlighting the health issues faced by workers exposed to 

tannery effluent, there are no records of experiments testing the neurobehavioral effects 

resulting from direct contact with this pollutant. Thus, the aim of the current study is to assess 

the possible neurobehavioral effects of dermal exposure to tannery effluent on male Swiss mice. 

Animals were divided in three groups, which were subjected to the same experimental time 

period and conditions: effluent group - animals in direct contact with tannery effluent (for 20 

days); control group -  animals in contact with pure water; and dry-control group - animals not 

exposed to water or to tannery effluent. Neurobehavioral tests started on the 17th experimental 

day. Results of the elevated plus-maze test (anxiety prediction) showed no anxiogenic or 

anxiolytic effects, memory deficit or depressive symptoms on animals exposed to tannery 

effluent. Thus, the current results do not support the hypothesis that male Swiss mice dermal 

exposure to tannery effluents for the same time period and experimental conditions leads to 

neurobehavioral changes. Therefore, the herein adopted exposure protocol was not good to 

study the effects of dermal exposure to tannery effluent on the chosen experimental model.  

Keywords: xenobiotic, tannery effluent, experimental model, toxicology. 

Curto período de exposição dérmica à efluente de curtume não 

provoca alterações comportamentais em camundongos Swiss machos 

RESUMO 
As indústrias de curtumes são uma das atividades mais poluentes devido, sobretudo, aos 

resíduos produzidos durante o processamento da pele bovina. Embora estudos tenham indicado 

danos à saúde dos trabalhadores expostos aos efluentes de curtumes, os efeitos 

comportamentais resultantes do contato direto com esse poluente ainda não foram 

adequadamente descritos. Assim, o objetivo do presente estudo foi avaliar os possíveis efeitos 

comportamentais que a exposição dérmica ao efluente de curtume pode causar em machos de 
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camundongos Swiss. Para isso, os animais foram distribuídos em três grupos: grupo efluente, 

em que os animais foram colocados em contato direto com efluente de curtume (por 20 dias); 

grupo controle com água, em que os animais foram colocados em contato com água, no mesmo 

período e condições do grupo anterior, e grupo controle seco, em que os animais não foram 

expostos à água ou efluente de curtume. Ao final do período experimental os animais foram 

submetidos ao teste do labirinto em cruz elevado (LCE), teste de reconhecimento de objeto e 

nado forçado. Nossos resultados não revelam efeitos ansiolíticos ou ansiogênico pelo teste do 

LCE, déficit de memória (pelo teste de reconhecimento de objetos) ou efeito depressivo ou 

antidepressivo (pelo teste do nado forçado) nos animais expostos ao efluente de curtume. 

Assim, conclui-se que a exposição dérmica à efluente de curtume, em curto período de tempo, 

não causa alterações neurocomportamentais em machos de camundongos Swiss. Logo, estudos 

que simulam o trabalho em condições de insalubridade de muitos trabalhadores de indústrias 

de curtume, que entram em contato direto com esses resíduos líquidos em períodos prolongados 

(crônicos), são fortemente sugeridos. 

Palavras-chave: xenobiótico, efluente de curtume, modelo experimental, toxicologia. 

1. INTRODUCTION 

It is historically known that bovine skin processing has been used to supply shoe and 

musical instruments to remote populations for a long time (Durai and Rajasimman, 2011). 

However, the demand for leather-based products also grew due to population growth; this in 

turn led to an increase in the number of tannery industries (Durai & Rajasimman, 2011). 

Nowadays, bovine skin processing has been seen as a profitable activity in many countries, 

mainly in developing countries such as Ethiopia, Turkey, Pakistan, Bangladesh and Brazil, 

where this activity ranks a relevant position in the local economy (Lofrano et al., 2013).     

However, despite its economic importance, the tannery sector is known for its great 

polluting potential worldwide (Durai and Rajasimman, 2011). Pollution by bovine skin 

processing mainly results from the huge amount of chemical products used in the manufacturing 

process (Shakir et al., 2012; Lofrano et al., 2013), since these chemicals can be discarded into 

the environment through effluent and cause strong damage to the biota (Souza et al., 2016). 

Moreover, there is close association between the precarious work conditions in tannery plants 

and the their damaging effects on their workers’ health, as was already reported by Costantini 

et al. (1989), Veyalkin and Alexander (2003), Shahzad et al. (2006), Rastogi et al. (2008) e 

Gowd et al. (2008), Salazar (2008), Cuberos et al. (2009). Therefore, human exposure to tannery 

residues is highly harmful to their health.   

It is known that part of the damage to human health is caused by the precarious work 

conditions faced by many workers in distinct tannery facilities. Many of these companies, 

which are mostly located in developing countries, are small and rudimentary and do not provide 

minimally acceptable work conditions for people.     Thus, it is quite common to find workers 

exposed to tannery effluent containing potentially neurotoxic organic and inorganic chemical 

components on a daily basis (Cuberos et al., 2009).  

Murine experimental models can help in understanding the effects of contact with tannery 

effluent on the central nervous system, since clinical neurobehavioral research involving 

tannery workers is almost nonexistent. Some studies simulated tannery effluent exposure in an 

animal-analysis laboratory environment in order to assess the intake of water contaminated with 

tannery effluent (Siqueira et al., 2011; Moysés et al., 2014; Souza et al., 2016a; 2016b; 

Guimarães et al., 2016a; 2016b; Rabelo et al., 2016; Guimarães et al., 2017). However, these 

studies are incipient when it comes to the effects of dermal tannery effluent on laboratory 

animals. The study by Silva et al. (2016) stands out among these studies; it simulated the labor 
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routine of tannery industry workers subjected to unsanitary conditions without individual 

protective equipment.  

Thus, the aim of the current study was to analyze the effects of dermal exposure to tannery 

effluents on the neurobehavioral parameters of Swiss mice. Given the wide variety of inorganic 

and organic compounds recorded for tannery effluents, mice exposed to these pollutants were 

expected to suffer from the toxic effects of them, such as neurobehavioral disorders. Therefore, 

the present article emerges as a step forward among a series of studies focused on dermal 

exposure to tannery effluent. 

2. MATERIALS AND METHODS 

2.1. Animals and experimental design 

Thirty-six (36) adult male nulliparous Swiss mice aged 1.5 months were kept in the 

bioterium of the Biological Research Laboratory of Goiano Federal Institute – Urutaí Campus 

Urutaí - (Urutaí County, Goiás State, Brazil. They were kept in polypropylene boxes                         

(30.3 x 19.3 x 12.6 cm - five animals in each box) under 12 h light/dark cycle. The boxes were 

stored on a ventilated shelf under controlled temperature (22-25ºC) and humidity Conditions                       

(55-60%). All the adopted procedures were approved by the Ethics Committee on Animal Use 

of Goiano Federal Institute, GO, Brazil (protocol N. 17/2014). Strong efforts were made in 

order to assure that the animals would be subjected to the least suffering possible, as well as to 

reduce external sources of stress, pain and discomfort. The experiment did not exceed the 

necessary number of animals to gather trustworthy scientific data.  

Male mice were the model of choice because male workers prevail in the herein-addressed 

production sector (Saner et al., 1984; Veyalkin and Gerein, 2006; Khan et al., 2013; 

Chandrasekaran et al., 2014); therefore, men have higher risk of suffering from the effects of 

dermal exposure to tannery effluents.  

Animals were counter-balanced according to of co-variables ‘age’ and ‘body mass’, i.e., 

the mean age and mean body mass of animals in the experimental groups were statistically the 

same. Next, the animals were divided into three experimental groups, namely: control - non-

exposed to water or tannery effluent (n=12); water - exposed to water (n=12); and tannery 

effluent - exposed to tannery effluent (n=12). The groups were assessed for 20 days.  

Animals belonging to the tannery effluent group were kept in direct contact with the raw 

tannery effluent (wet blue), in transparent polycarbonate mice cages                                                      

(30 x 20 x 18 cm - 7 animals/cage, maximum) containing 150 mL of raw tannery effluent (wet 

blue) for one hour, five days a week (Monday to Friday) for 20 straight days. A perforated cage 

was positioned on the top of each mice cage. The herein described experimental design was 

adopted as an attempt to simulate the labor routine of tannery plant workers subjected to 

unsanitary conditions without individual protective equipment. The limbs and tail of the 

assessed mice had straight contact with the tannery residue layer (Figure 1A); however, the 

body-surface area of these animals, which was in contact with the tannery effluent, was not 

measured, but the paws and the tail had direct contact with the effluent. It is worth highlighting 

that the animals interacted with each other and ended up having almost their whole body surface 

wet (Figure 1B) when they were transferred to the box, so it was difficult to precisely estimate 

the contact surface between the animal and the pollutant.    

The tannery effluent exposure protocol adopted in the current study was similar, but not 

identical, to the conditions humans are exposed to. Dermal exposure does not prevent oral 

exposure through leaching; therefore, the animals were affected by oral exposure to volatile 

compounds and to dermal exposure to the effluent. Similar to animals in the tannery effluent 

group, mice in the control group were transferred to cages containing only water as a “control 

substance”. Body mass, as well as water or feed consumption, did not differ among the herein-

analyzed groups (data not shown). 
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Figure 1. (A) Male Swiss mice exposed to tannery effluent; (B) animals appearance after few 

minutes exposed to the pollutant. 

2.2. Tannery effluent 

The effluent (wet-blue) used in the present study was provided by a tannery plant from 

Inhumas County, Goiás State, Brazil. Water and tannery effluent chemical characterizations, 

which were quite important to confirm the presence of heavy metals in the effluent, were 

performed according to the methodology recommended by the American Public Health 

Association (APHA, 1997) (Table 1).   

Table 1. Physicochemical and chemical characterization of the tannery effluent (100%) and water used 

in the present study. 

Parameters 

Tannery 

effluent 

(100%) 

Water 
WHO Guidelines for drinking-water 

Quality1 

 

 

 

Normally found in 

freshwater/surface 

water/groundwater 

Health-based 

guideline by 

WHO 

pH at 25ºC (UpH) 4.05 7.19 No guideline 6.5 – 8.5 

Total dissolved solids (mg.L-1) 37,380.00 80.00 No guideline No guideline 

Zn (mg.L-1) 0.30 0.03 No guideline 3.00 mg.L-1 

Na (mg.L-1) 9,690.00 5.01 <20 mg.L-1 200 mg.L-1 

Ca (mg.L-1) 601.20 4.00 No guideline No guideline 

Mg (mg.L-1) 364.80 2.43 No guideline No guideline 

Pb (mg.L-1) 0.32 <0.01 No guideline 0.01 mg.L-1 

As (mg.L-1) <0.01 <0.01 No guideline 0.01 mg.L-1 

Cr (mg.L-1) 859.00 <0.05 <0.002 mg.L-1 0.05 mg.L-1 

Cd (mg.L-1) 0.95 <0.001 <0.002 mg.L-1 0.003 mg.L-1 

Ni (mg.L-1) 5.50 <0.01 <0.02 mg.L-1 0.02 mg.L-1 

1The guidelines developed by the WHO for drinking-water quality was launched in Geneva in 1993. 

It is the international reference for standard setting and drinking-water safety 

(http://www.lenntech.nl/toepassingen/drinkwater/normen/who-s-drinking-water-standards.htm. 

2.3. Neurobehavioral tests 

2.3.1. Elevated plus maze (EPM) test 

The EPM test was performed on the 17th experimental day and its device consisted of two 

opposing open arms (30 x 5 x 25 cm) and two opposing closed arms (30 x 5 x 25 cm) assembled 

on a central platform (5 x 5 cm). The experimental apparatus was made of wood and placed               

45 cm from the ground. The edges (0.25 cm) of the open arms were tested in order to prevent 

http://www.lenntech.nl/toepassingen/drinkwater/normen/who-s-drinking-water-standards.htm


 

 

5 Short-term dermal exposure to tannery effluent … 

Rev. Ambient. Água vol. 13 n. 1, e2143 - Taubaté 2018 

 

mice from falling. All the experimental groups were kept in the test room, which was 

soundproof, for 30 minutes under a light intensity of 100 lx for acclimatization purposes. 

Subsequently, the animals were individually placed in the center of the EPM device, with their 

faces turned to one of the open arms, and allowed to freely explore the apparatus for 5 min. All 

the mice were tested once in the EPM device, which was cleaned with 10% ethanol before each 

subsequent test. The anxiety index was calculated as follows: Anxiety index = 1 - [[time the 

animal stayed in the open arms, in seconds/test duration in seconds (300 s)] + [input frequency 

in the open arms/total number of entries])/2] (Guimarães et al., 2017). The total number of 

entries was defined by summing the number of times the animal entered the open and closed 

arms. A new input was accounted every time the animal had its four paws on the initial limit of 

the arm. In addition, the time and frequency of entries into the open arms of the EPM apparatus 

were assessed. The analysis applied to the behavioral parameters assessed through the EPM test 

was performed in the PlusMZ software. 

2.3.2. Object recognition test 

The object recognition test, which was divided into three sessions, was performed on the 

18th and 19th experimental days in a box presenting the following dimensions: 30 x 20 x 13 cm3. 

The training session was followed by two test sessions (1h after training and 24 h after training). 

During the training session, the animals were exposed to two familiar objects identical in size, 

shape and color - F1 and F2 - (squared Lego toys) for five minutes. The familiar object was 

replaced by a new one (N) during the test sessions, so that animals could explore a familiar and 

a new object for three minutes. A triangular Lego toy was used 1 hour after the training test and 

a circular Lego toy was used 24 h after it.   

The animals were placed in front of the objects at the beginning of each trial with their 

faces turned to the wall. The time each animal spent exploring each object was recorded. A 

crossed-over design was followed in all test sessions to alternate the positions of the new and 

familiar objects. Such procedure was adopted as a way to exclude the animals’ potential 

preference for a certain spatial location for the objects inside the box.  Exploration behavior 

consisted of having the animals smelling and touching the objects with their noses or forepaws, 

or standing 2 cm from the objects (or closer). The recognition index recorded for each animal 

was calculated according to Rabelo et al. (2016), and expressed through the ratio:                         

TOX/(TF + TN), wherein TOX = time spent exploring the familiar (F) or the new (N) object; 

TF = time spent exploring the familiar object; TN = time spent exploring the new object. The 

boxes used in the tests were cleaned with 10% alcohol after each session. 

2.3.3. Forced swimming test 

The forced swimming test was performed on the 20th experimental day and consisted of 

placing each mouse in an individual cylindrical tank (height 39.0 cm, diameter 20.0 cm) 

containing water at 25°C (20.0 cm depth) for 6 minutes. Subsequently, the animals were 

removed from the water, dried under light heating and taken back to their boxes. All test 

sessions were video recorded in a camera located 30 cm above the tank. The recordings were 

used to assess the time the animals were motionless, because this variable is often used as 

depression predictor in the forced swimming test (Petit-Demouliere et al., 2005). Immobility 

was herein defined as the absence of movement in the whole body - the mouse stops fighting 

and keeps motionless, floating on the water, or only does the necessary movements to keep its 

head above the water.  

2.4. Other assessed variables 

Body mass, and the relative heart, lungs, thymus, spleen, brain, kidneys, liver, stomach 

and brain masses, as well as daily water and feed intake, were measured as systemic toxicity 

parameters. The mass of the organs was normalized to body weight through the following 



 

 

Rev. Ambient. Água vol. 13 n. 1, e2143 - Taubaté 2018 

 

6 Bruna de Oliveira Mendes et al. 

formula: organ mass (g)/body weight (g). Daily water and feed consumptions were calculated 

by subtracting the leftovers from the total amount of water and feed offered per day. 

The locomotor activity of the animals was assessed through the Basso Mouse Scale for 

Locomotion (BMS), since the tests could be affected by general changes in mice’s locomotion. 

Briefly, this method lies on evaluating biomechanical gait attributes such as leg movement and 

alignment, tail support, trunk stability and coordination (Basso et al., 2006). The BMS scores 

and subscores are calculated based on data found on the score sheet. Results of the performed 

evaluations were expressed by the mean score recorded for the animals in each test. It is worth 

noticing that the animals’ locomotor activity was measured in the training and test sessions of 

the object recognition test.  

2.5. Data analysis 

All the statistical analyses and graph plotting were carried out in the Prism6® software 

(GraphPad Software, Inc., La Jolla, CA, USA). Initially, data were subjected to the Anderson-

Darling, Kolmogorov-Smirnov, Cramér-von Mises, Kuiper, Watson and Lilliefors normality 

tests, as well as to the Levene and Bartlett tests in order to check the residual variance equality. 

The original data did not present normal distribution and, therefore, they were transformed into 

log (x) in order to be subjected to statistical analysis. Multiple group comparisons were studied 

through one-way analysis of variance (ANOVA). The Tukey's multiple comparison test was 

performed in case of significant F value (p < 0.05).  

Data were analyzed during the training session of the control group in the object 

recognition test. The recognition index data recorded for each object (N and F) in the control 

group were measured during the test session in order to validate the object recognition test, 

according to Akkerman et al. (2012) and Rabelo et al. (2016); thus, the Student's t‐test with 

Bonferroni adjustment (training session data) was also conducted. The resulting data of the new 

object recognition index were subjected to one-way ANOVA, and to Tukey post-hoc test at 5% 

probability. The recordings from all the behavioral tests were watched by two trained observers; 

every single recording was analyzed twice and it led to 85% intra-observer agreement. 

3. RESULTS AND DISCUSSION 

No animal died during the experimental procedure; moreover, no sign of toxicity was 

observed in the animals belonging to the dry control group or in mice subjected to water or 

tannery effluent exposure. The physical examination applied to the mice showed no difference 

in animals' body mass (F(2.33) = 0.056, p = 0.948), daily feed (g) (F(2,33) = 0.094, P = 0.91) or 

water (mL) intake per animal (F(2,33) = 0.074, p = 0.94) (graphs not shown). Differences in the 

relative mass of the assessed organs between experimental groups were not recorded: (heart 

(F(2,33) = 1,837, p = 0.189), lungs (F(2,33) = 0.797, p = 0.466), thymus (F(2,33) = 0.612, p = 0.553), 

brain (F(2,33) = 0.715, p = 0.503), kidney (F(2,33) = 0.644, p = 0.537) (F(2,33) = 0.014, p = 0.992) 

and stomach (F(2,33) = 0.246, p = 0.784) (graphs not shown). 

According to Pires Júnior et al. (2012), weight variation is one of the most commonly used 

parameters in toxicological assessments conducted to find the early toxic effects of a given 

substance on animals’ organs. Therefore, different studies assessed mice body mass, as well as 

the relative mass of their organs in experiments focused on analyzing the effect of certain 

substances on these animals’ bodies (Bhaskar and Mohanty, 2014; Lu al., 2014, Mukerji et al., 

2015, Das et al., 2015, Olson et al., 2015). Current data suggest that treatments with emphasis 

on dermal exposure to effluents do not produce effects consistent with systemic toxicity in 

animals. 

The EPM test (Figure 2A) revealed that dermal exposure to the tanning effluent does not 

lead to behaviors compatible with ansiogenic or anxiolytic profiles in animals, since there was 
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no difference recorded for any of the assessed behavioral categories between the experimental 

groups (Figure 2). 

Data recorded during the training session of the object recognition test (Figure 3A) showed 

that animals in the control group presented similar exploratory behavior (according to the 

Student's t‐test – p > 0.05) towards the familiar objects (F1 and F2), and it allowed the inference 

that the spatial location preferences inside the test box did not influence the animals. Moreover, 

animals in the control group recorded higher recognition indices for the new object than for the 

familiar one 24 hours after the training session.  Thus, the object recognition test was validated; 

however, there were no statistical differences when the new object recognition indices were 

compared between experimental groups (Figure 3B).   

There were no changes in the immobility of animals dermally exposed to the pollutant in 

the forced swim test (Figures 4A and 4B), which suggests that tannery effluents do not induce 

depression behaviors in male Swiss mice. 

Finally, data in the current study evidence that the treatment did not affect the animals’ 

locomotor activity in the EPM test (F(2,33) = 0.289, p = 0.878), and in the training and test 

sessions of the object-recognition test (F(2,33) = 0.0129, p = 0.978, and F(2,33) = 0.0112,                       

p = 0.977, respectively), as well as in the forced-swim test F(2,33) = 0.333, p = 0.724). Thus, it 

is possible to state that the herein-tested treatments did not affect the locomotor activity of the 

analyzed mice (graphs not shown).  

Studies have found different effects of oral exposure to tannery effluent on mammals, and 

their results converge to the neurotoxic potential of the assessed pollutants when it comes to 

predictive anxiety (Siqueira et al., 2011; Silva et al., 2016; Guimarães et al., 2016a) and 

anxiolytic behaviors (Almeida et al., 2016), to depression predictors (Souza et al., 2017), 

memory deficit (Rabelo et al., 2016), as well as to the neurobehavioral effects detrimental to 

the offspring of parents exposed to these xenobiotics (Guimarães et al., 2016b). The possible 

action of organic and inorganic effluent components on the normal functioning of the central 

nervous system can explain the diversity of herein observed behavioral effects. According to 

Souza et al. (2016a), variables such as sex, age, effluent type (derived from different bovine 

skin processing stages), rodent species and lines and effluent concentration, are important 

factors contributing to different results. 

However, there are few studies on dermal exposure to tannery effluent on mice. Recently, 

the present research group dermally exposed male C57Bl6J and Swiss mice to tannery effluent 

and found anxiogenic behavior in C57Bl/6J animals (Silva et al., 2016), differently from what 

was observed in the current study. On that occasion, Swiss males dermally exposed to tannery 

effluent for 15 days did not present changes related to anxiety disorders, even when the high 

neurotoxic potential of the evaluated pollutant was taken into account. Likely, the higher 

anxiety index observed in C57Bl/6J than in Swiss mice can be related to these lines’ 

performance in the elevated plus-maze test. According to Griebel et al. (2000), there are 

relevant differences in the anxiogenic behavior of mice belonging to different lines in the 

anxiety tests. 

On the other hand, it is impossible to deny that the intrinsic biological characteristics of 

C57Bl/6J mice may have boosted the neurotoxicity effects found in animals studied by Silva et 

al. (2016). Therefore, these animals may suffer from a lower or higher degree of environmental 

influence, and it makes these experimental models lesser or more susceptible to some 

xenobiotics (Casellas et al., 2010). On the one hand, the use of these experimental models only 

allows the experimental variables introduced by the researcher, and it significantly reduces the 

genetic influence of the species on the results; on the other hand, it was possible recording 

unobservable effects on outbred animals.
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Figure 2. (A) Imaging depicting the Elevated plus maze performed in the test room (B) Time spent in the open arms; (C) frequency of entries into the open 

arms of the Elevated Plus-Maze and (D) anxiety index of male Swiss mice exposed or not to tannery effluent. The bars indicate the mean + SEM. Data were 

subjected to analysis of variance (one-way ANOVA) and Tukey post-test at 5% probability. Control group (n=12); Water group (n=12) and Effluent group 

(n=12).
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Figure 3. (A) Image depicting the object recognition test performed in the test room; (B) Object recognition indices of male 

Swiss mice not exposed to tannery effluent (control group), and (C) Novel object recognition indices of male Swiss mice 

exposed or not to tannery effluent, calculated 24 hours after the training session (test session). In “B”, the Student's t‐test with 

Bonferroni adjustment for multiple pairwise comparisons was applied, considering α = 0.05. In “C”, data were subjected to 

analysis of variance (one-way ANOVA) and Tukey post-test at 5% probability. Control group (n=12); Water group (n=12) and 

Effluent group (n=12). F1: familiar object 1 in the training session; F2: familiar object 2 in the training session; F: familiar 

object in the test session; N: new object in the test session. 
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Figure 4. (A) Image depicting the forced 

swimming test conducted in test room; (B) 

Immobility in the forced swimming test of male 

Swiss mice exposed or not to tannery effluent. 

Bars indicate the mean + SEM. Data were 

subjected to analysis of variance (one-way 

ANOVA) and Tukey post-test at 5% probability. 

Control group (n=12); Water group (n=12) and 

Effluent group (n=12). 

Outbred animals, in turn, present diversified genetic constitutions, which can exert direct 

influence on the susceptibility or resistance of animals to the exposure to certain pollutants. 

According to Campos et al. (2016), heterogenic animals are distinct from each other due to the 

high percentage of heterozygosity among their alleles; moreover, they are the ones who best 

mimic the genetic variability of typical human populations. Therefore, it is tempting to 
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speculate that Swiss mice lines are more resistant to dermal exposure to tannery effluent 

because they require a longer exposure period to the pollutant in order to develop 

neurobehavioral changes. 

4. CONCLUSION 

It can be concluded that short-term dermal exposure to tannery effluent does not cause 

neurobehavioral changes in male Swiss mice. Thus, further studies simulating the unhealthy 

labor conditions faced by many workers in tannery facilities who have straight contact with 

these liquid residues for prolonged periods of time are recommended.  These studies can be 

very useful to improve the knowledge about the possible impacts of this production activity on 

the occupational health of workers in tanning industries. 
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ABSTRACT 
Temperature is a fundamentally important factor for understanding the physical, chemical, 

and biological processes that occur in soil. However, there are few studies in the Brazilian 

semiarid zone that seek to understand how soil degradation affects its thermal characteristics. 

The objective of this study was to evaluate the influence of cultivation techniques on the thermal 

characterization of soil, using the model proposed by Johansen. The study was conducted in the 

Agreste region of the state of Pernambuco, Brazil on two plots of land, one with native 

vegetation (Caatinga) and the other with spineless cactus (O. ficus - indica). It was observed 

that the procedures used to prepare the soil for cultivation of spineless cactus caused a reduction 

in the capacity to transmit the surface temperature to the interior of the soil. Changes in the 

physical properties of the soil required for cultivation resulted in a reduction in the average 

value of the volumetric heat capacity of about 22%; an increase of approximately 5% in the 

average volumetric heat capacity and a 26% increase in the thermal diffusivity of the soil, as 

well as a reduction of approximately 50% in the heat flux from the surface of the soil. 

Keywords: Caatinga, Johansen model, soil heat flux. 

Impacto do cultivo da palma forrageira (O. Ficus-Indica) nas 

características térmica do solo  

RESUMO  
A temperatura é um fator de fundamental importância para o entendimento dos processos 

físicos, químicos e biológicos que ocorrem no solo. Entretanto, existem poucos estudos na zona 

semiárida brasileira que buscam compreender como a degradação dos solos afetam as suas 

características térmicas. O objetivo deste estudo foi avaliar a influência das técnicas de cultivo 

na caracterização térmica de um solo, utilizando o modelo proposto por Johansen. O estudo foi 

conduzido em duas parcelas, uma com 2,0 hectare de solo com mata nativa (Caatinga) e a outra 

com 4,5 hectare de solo cultivado com Palma Forrageira (O. ficus-indica), no Município de São 

Bento do Una - PE, na mesorregião do Agreste Meridional do estado de Pernambuco. 

Observou-se que os procedimentos utilizados no preparo para o cultivo da Palma Forrageira 

ocasionaram uma diminuição na capacidade de transmissão da temperatura superficial para o 

interior do solo. As mudanças nas propriedades físicas do solo, necessárias para o cultivo 

ocasionaram em uma redução no valor médio da capacidade térmica volumétrica do solo em 
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cerca de 22%; um aumento de aproximadamente 5% na média da capacidade térmica 

volumétrica e um aumento de 26% na difusividade térmica do solo, além de uma redução de 

aproximadamente 50% no fluxo de calor no solo a partir da superfície.  

Palavras-chave: Caatinga, modelo Johansen, fluxo de calor no solo. 

1. INTRODUCTION 

Soil is a vital part of the environment. It influences the distribution of plant species and 

provides a habitat for a wide range of organisms. It acts as a filtration system for surface water 

and chemical substances between the atmosphere and the earth. The soil is relevant to the fate 

of human society due to the services, goods and resources it gives to the humankind. It reacts 

to the changes in vegetative cover with changes in soil erosion, runoff, water conservation and 

temperature, among others (Keesstra et al., 2016; Van Hall et al., 2016). 

Temperature is a fundamentally important factor for understanding the physical, chemical 

and biological processes that occur in the soil. However, there are few studies in the Brazilian 

semiarid zone that seek to understand how soil degradation affects its thermal characteristics. 

The changes in these characteristics may compromise the germination of some plant species, 

both in speed and in the percentage of germination, making regrowth of the original vegetation 

impossible. 

The Caatinga biome is dominant in the Brazilian semiarid zone, covering an area of 

approximately 845 thousand square kilometers, equivalent to 11% of the national territory. 

However, it is the third most-degraded biome in Brazil, behind those of the Atlantic Forest and 

the Cerrado. This is mainly due to accelerated deforestation, sometimes for the cutting of 

firewood, sometimes for conversion to pasture and agriculture (Beuchle et al., 2015; Gariglio 

et al., 2010; Myers et al., 2000). 

To understand the propagation, storage and diffusion of heat in the soil, it is necessary to 

determine its thermal properties, which result from a set of factors that must be determined on 

site. Among them are volumetric water content, porosity, density, and quartz content (Farouki, 

1981, Dong et al., 2015). 

Silva et al. (2011) evaluated the behavior of thermal conductivity in caatinga vegetation 

with predominance of cacti, in the State of Paraíba. For this, they utilized three methodologies. 

Two were based on multiple regression (linear and polynomial) and the harmonic method. They 

concluded that the multiple linear regression model, based on surface temperature and time, 

showed the best results. They also observed that thermal conductivity on surfaces with cactus 

vegetation behaved as an insulator in the daytime period and as a conductor during the 

nighttime. 

Silans and Werlang (2011), analyzed the thermodynamic properties of soil and soil-water 

dynamics in the semi-arid region of Brazil, in the Caatinga dos Cariris region of Paraíba, and 

observed that the isothermal diffusion coefficient is greater than that of isopotential diffusion 

when soil is moist, and the reverse is true when the soil is dry, influencing the evaporation of 

water from the soil, which is reduced in the diurnal period. 

Soares (2013) used the harmonic method to estimate the thermal diffusivity of the soil and 

the heat flux at the surface and at depth in a Yellow Latosol in the semi-arid zone of Paraíba 

cultivated with castor beans, and found quite satisfactory results when compared with values 

measured in the field with flux meters. 

Oliveira et al. (2015) analyzed thermal diffusivity using six algorithms (Amplitude, Arc 

Tangent, Conduction-Convection, Finite Differences, Phase, and Logarithm) and concluded 

that Arc Tangent and Conduction-Convection algorithms produced the best results. Maciel 

Neto et al. (2015) used the harmonic and logarithmic methods on two types of soils from the 
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Southern Agreste region of the State of Pernambuco (Yellow Latosol and Regolithic Neosol) 

and concluded that the thermal diffusivity values provided by both methods fell within the limits 

established in the literature, showing their efficiency. 

Souza et al. (2016) evaluated the effect of removal of vegetation on the soil temperature in 

the Cariris Velhos, PB region, using a historical series of temperature data and satellite images. 

The authors concluded that deforestation resulted in an elevation of the average temperature of 

the soils, with levels above 35°C found over a large part of the region, making the natural 

recovery of these environments impossible. 

Różański and Stefaniuk (2016) evaluated some of the estimates for the thermal 

conductivity of saturated clay soils using five models widely known in the literature (1966; and 

Johansen 1975). They concluded that although the model proposed by Johansen is simple, its 

capacity to represent the thermal conductivity of the soil was quite satisfactory, providing the 

best prediction when compared to the laboratory-obtained data. 

The objective of this work was to quantify the influence of spineless cactus (O. ficus-

indica) cultivation on the thermal characteristics of a soil originally covered with native forest 

(Caatinga), using the model proposed by Johansen. 

2. MATERIAL AND METHODS 

The study was conducted at the Santos e Silva farm in the municipality of São Bento do 

Una in the Southern Agreste region of the state of Pernambuco, 199 Km from the Capital 

(Figure 1), between September and October 2016. The coordinates are: 8°36'37" South latitude 

and 36°21'45'' West longitude at an altitude of 621 m. The soil of the study area is classified as 

Lithic Neosol and the local relief is gently sloped with a mean slope of 1.6%. The semi-arid 

climate predominates, with a hot, dry summer and a rainy season between the months of April 

and June. According to the climate classification of Köppen-Geiger, the climate is classified as 

BSh. The average annual precipitation does not exceed 300 mm and the natural vegetation is 

composed of hyper-xerophilic caatinga. The analyzed plots consisted of 2.0 ha of soil with 

native forest (Caatinga) and 4.5 ha of soil cultivated with spineless cactus (O. ficus-indica). 

Of the 2 ha of Caatinga, although the plants are xerophiles, the scarcity of rainfall over the 

last five years has drastically reduced their vegetative density. In this area, the predominant 

arboreal vegetation is composed mainly of black jurema (Mimosa hostilis Benth.), white jurema 

(Mimosa hostilis) and more rarely umbuzeiro (Spondias tuberosa). Among the cacti found were 

the foxtail (Harrisia adscendens), the woodpecker (Pilosocereus catingicola), the mandacaru 

(Cereus jamacaru) and the xique-xique (Pilosocereus gounellei). The soil is compacted, 

shallow, and stony, with fragments of rock on the surface. At a depth of 0.4 m, it becomes 

impossible to excavate without the use of machinery, due to the large quantity of rocks. 

Of the 4.5 ha of soil cultivated with spineless cactus (O. ficus-indica), along with the 

cultivation, a large and diverse amount of weeds can be seen, which are periodically removed. 

Due to the scarcity of water, the crop does not grow satisfactorily. The leaves are small, twisted, 

and largely a non-characteristic color with a yellowish tint. Fertilization is carried out at the 

beginning of planting and is not repeated until the time of harvest. Initially, the distance between 

plants is approximately 0.5 m. Between lines, the distance is about 1.0 m. Both distances 

decrease as the crop grows. Due to the treatment necessary for cultivation, the soil is not 

compacted nor does it contain rocky fragments within the upper 0.4 m of its depth. 

Soil samples with a non-deformed structure were collected in the 0.0 to 0.2 m depth layer 

in two distinct areas: fifteen samples under Caatinga and twenty-five samples under cultivation 

of spineless cactus (O. ficus-indica), in order to determine soil density, residual and saturated 

volumetric masses, as well as deformed samples for granulometric analysis. 
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2.1. Johansen thermal conductivity model 

Johansen (1975) proposed a model to estimate the thermal conductivity of soil (λ) as a 

function of its value for dry soil (𝜆𝑑𝑟𝑦) and saturated soil (𝜆𝑠𝑎𝑡), considering the mineral 

composition, global density, particle density, and Kersten number (𝐾𝑒), Equation 1: 

𝜆 = (𝜆𝑠𝑎𝑡 − 𝜆𝑑𝑟𝑦)𝐾𝑒 + 𝜆𝑑𝑟𝑦                                                                                                             (1) 

The Kersten number (𝐾𝑒) is expressed for coarse and fine textured soils, by the following 

(Equation 2):  

𝐾𝑒 = {
0.7𝑙𝑜𝑔𝑆𝑒 + 1 , (𝑆𝑒 > 0.05)
1.0𝑙𝑜𝑔𝑆𝑒 + 1 , (𝑆𝑒 > 0.10)

                                                                                          (2) 

With 𝑆𝑒 being the effective degree of saturation of the soil.  

Originally, 𝑆𝑒 did not consider residual water content; however, in this study Silans and 

Werlang’s (2011) expression was used, which adjusted for the experimental conditions of the 

paraiban Cariri, making a correction for the relative volumetric water content, using the 

expression usually used in the models to characterize the retention curve and hydraulic 

conductivity (Equation 3): 

𝑆𝑒 =
𝜃−𝜃𝑟

𝜃𝑠−𝜃𝑟
                                                                                                                                 (3) 

With 𝜃, 𝜃𝑟, and 𝜃𝑠 being the volumetric, residual, and saturated water content, respectively.   

Through observation of the Kersten number acceptance criteria, the minimum volumetric 

water content (𝜃𝑚í𝑛), is defined for thick and fine textured soils, respectively, by (Equation 4):  

𝜃𝑚í𝑛 = {

𝜃𝑠+19𝜃𝑟

20
𝜃𝑠+9𝜃𝑟

10

                                                                                                                       (4) 

Johansen developed semi-empirical equations to calculate the thermal conductivity of dry 

and saturated soil (Equations 5 and 6): 

𝜆𝑑𝑟𝑦 =
0.135𝑝𝑏+64.7

2700−0.947𝑝𝑏
                                                                                                                  (5) 

 

𝜆𝑠𝑎𝑡 = 𝜆𝑠
1−𝑛𝜆𝑤

𝑛                                                                                                                           (6) 

Where 𝑝𝑏 is the dry soil density (kg m-3), 2700 is the soil particle density, 𝑛 is the soil 

porosity, 𝜆𝑤 is the thermal conductivity of water, and 𝜆𝑠 is the effective thermal conductivity 

of bulk soil, as determined by Equation 7:  

𝜆𝑠 = 𝜆𝑜
1−𝑞𝜆𝑞

𝑞
                                                                                                                             (7) 

Where  𝜆𝑞 and 𝜆𝑜 are the thermal conductivities of quartz and other minerals, respectively, 

and 𝑞 is the quartz content. The measurement of quartz content is not commonly performed. In 

practice, when dealing with silica sands, it is often assumed that quartz content q is equal to the 

content of sand (Peters-Lidard et al., 1998; Różański and Stefaniuk 2016). 



 

 

5 Impact of spineless cactus cultivation … 

Rev. Ambient. Água vol. 13 n. 1, e2148 - Taubaté 2018 

2.2. Volumetric heat capacity of the soil  

The volumetric heat capacity of a soil (𝐶) is defined as the amount of heat required to raise 

the temperature of 1 cm3 of soil by 1°C. The volumetric heat capacity depends on the 

composition of the solid material of the soil (mineral and organic constituents), the soil density, 

and volumetric water content. 

The value of C (MJ m-3 oC-1) was estimated by Equation 8: 

𝐶 = 1,92(1 − 𝜑) + 4,18𝜃                                                                                                          (8) 

Where 𝜑 is the porosity and 𝜃 is the water content of the soil (Zhang et al., 2014). 

2.3. Thermal diffusivity of the soil 

The thermal diffusivity of the soil (α) can be defined as a measure of the temperature 

variation produced in a unit of volume when a quantity of heat passes through this volume in a 

unit of time, when a unit temperature gradient is imposed on two opposite sides of the volume. 

The term thermal diffusivity was first used by Lord Kelvin. It can be calculated as the quotient 

between the thermal conductivity of the soil and the volumetric heat capacity of the soil, as 

shown by Equation 9: 

𝛼 =
𝜆𝑠

𝐶
                                                                                                                                       (9) 

2.4. Soil temperature modeling 

The temperature of the soil presents a behavior that depends on variations in several 

atmospheric variables that modify the energy processes on the surface of the soil, such as solar 

radiation, cloudiness, and wind speed, among others. The simplest way to model soil 

temperature is to use a time-dependent sine wave equation, i.e., the temperature (T) at depth z 

can be calculated by Equation 10: 

𝑇 = �̅� + 𝐴𝑒−
𝑧

𝐷𝑠𝑒𝑛(𝜔𝑡 − 𝑧/𝐷 + Φ)                                                                                       (10) 

Where �̅� is the average temperature at the surface of the soil, 𝐴 is the amplitude of the 

thermal oscillation, Φ the phase of the thermal wave, and ω is the angular velocity of the Earth's 

rotation, expressed by (Equation 11):  

𝐷 = √2𝛼/𝜔                                                                                                                           (11) 

The velocity of the propagation of the temperature wave (𝑉), which expresses the speed 

with which the wave propagates in the soil, is obtained by the Equation 12:  

𝑉 = √2𝜔𝛼                                                                                                                              (12) 

The surface temperature of the soil can be estimated by the Equation 13: 

𝑇0 = �̅� + 𝐴𝑠𝑒𝑛(𝜔𝑡 + Φ)                                                                                                       (13) 

The soil heat flux can be defined as the amount of heat flowing through the soil per unit 

area and unit time, determining the thermal environment of the soil (Fuchs, 1986). It can be 

estimated by differentiating equation 10 with respect to 𝑧, and combining the result with 

equations 9 and 13, where we find (Equation 14): 
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𝐺 = 𝐴𝐶√𝜔𝛼𝑒−
𝑧

𝐷𝑠𝑒𝑛 (𝜔𝑡 + Φ +
𝜋

4
−

𝑧

𝐷
)                                                                                (14) 

This equation represents the heat flux (𝐺), a positive value representing a downward 

direction, in a homogeneous soil profile, with the surface temperature described by a sinusoidal 

function. 

3. RESULTS AND DISCUSSION  

There were no significant differences between the values of soil-size fractions under the 

Caatinga and under the spineless cactus. This was expected, as it was the same soil. The soil 

contains a percentage of sand much higher than the values found for silt and for clay. For the 

soil under the Caatinga, the sand percentages were between 68.1% and 80.4%, with an average 

of 73.2%. For the soil under the spineless cactus, the sand percentage values were between 

68.1% and 79.7%, with an average value of 74.1%. The highest value found for the percentage 

of silt, both for the soil under the Caatinga and for the soil under the spineless cactus, was 

18.4%. The minimum values were 11.8% and 9.2%, respectively. The mean values were 15.8% 

for the soil under the Caatinga, and 15% for the soil under the spineless cactus. The percentages 

of clay were within the same range of values, both for the soil under the Caatinga and for the 

soil under the spineless cactus, with a minimum value of 8.5% and a maximum of 15.1%. The 

averages differed only slightly, with values of 11% and 10.9%, respectively.  

Table 1 presents the values for residual (θr) and saturated (θs) volumetric water content, 

porosity (φ), quartz content (q) and soil density (pb) values of the soils under the Caatinga and 

those cultivated with spineless cactus.  

In contrast to the equality found in the grain size fractions, the values of residual and 

saturated water content show considerable differences between the soils under the Caatinga and 

under the spineless cactus. Considering the soil under the Caatinga as reference, we observed 

that 𝜃𝑟 and 𝜃𝑠 increased approximately 97% and 27%, respectively. The porosity of the soil 

increased by 27% and the 𝑞 and 𝑝𝑏 had reductions of about 5% and 15%, respectively. 

Table 1. Values of residual (θr) and saturated (θs) 

volumetric water content, porosity (φ), quartz content 

(q) and soil density (pb) with Caatinga and cultivated 

with spineless cactus.  

Parameter Caatinga Spineless cactus 

𝜃𝑟 (cm³ cm-3) 0.033 0.065 

𝜃𝑠 (cm³ cm-3) 0.344 0.437 

𝜑 0.362 0.460 

𝑞 0.732 0.741 

𝑝𝑏(kg m-3) 1690 1430 

The thermal conductivity values of the soil under the Caatinga and under the spineless 

cactus, as a function of the soil volumetric water content, are presented in Figure 1. It can be 

observed that the values of λ increased logarithmically with the volumetric water content of the 

soil. However, Dong et al. (2015) noted that the Johansen model underestimates the thermal 

conductivity at lower saturation and overestimates at higher saturation. 

For the soil under the Caatinga, the thermal conductivity values ranged from                              

0.71W m- 1 K-1 to 2.4W m-1 K-1. As for the soil under the spineless cactus, the values ranged 

from 0.41 W m-1 K-1 to 1.89 W m-1 K-1. The average values were 1.74 W m-1 K-1 and                            

1.36 W m-1 K-1, respectively.  
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Both minimum values are within the acceptable range. However, in order to reduce the 

effect of the proximity between the volumetric water content and the saturated volumetric water 

content, the limits for volumetric water content should be 0.12 and 0.14 for soil planted with 

Caatinga and that cultivated with spineless cactus, respectively (Soares, 2016). 

The higher values of volumetric water content increased thermal conductivity. Increasing 

water content in sand perhaps completed water films around the larger sand particles, thus 

increasing the contact area between sand particles, which caused the thermal conductivity to 

increase rapidly, corroborating with Abu-Hamdeh (2003). 

 
Figure 1. Thermal conductivity of the soil under the Caatinga 

and the spineless cactus. 

Using the values calculated by the methodology proposed by Johansen, it was possible to 

obtain a satisfactory interpolation of λ as a function of the volumetric water content, both for 

the soil under the Caatinga (Equation 15): 

𝜆 = 1,18𝑙𝑛(𝜃) + 3,70                                                                                                           (15) 

With a value of r² = 0,997, as well as with the soil under the spineless cactos (Equation 16): 

𝜆 = 1,06𝑙𝑛(𝜃) + 2,80                                                                                                           (16) 

With a value of r² = 0,992. 

The values for volumetric heat capacity of the soil under the Caatinga and under the 

spineless cactus, as a function of soil volumetric water content, are presented in Figure 2. The 

slopes of the curves for the two soils are practically the same. 

As expected, the C values increased linearly with soil volumetric water content in both 

cases. For the Caatinga, the volumetric heat capacity values ranged from 1.78 MJ m-1 K-1 to 

2.83 MJ m-1 K-1. For the spineless cactus, the values went from 1.74 MJ m-1 K-1 to                                  
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3.10 MJ m-1 K-1. The mean values were 2.31 MJ m-1 K-1 and 2.42 MJ m-1 K-1, respectively. 

Volumetric heat capacity decrease with decrease bulk density as a result of particle contact 

enhancement as porosity is decreased, and because of greater mass of solids per unit volume 

(Abu-Hamdeh, 2003). 

The higher C-value indicates that the soil cultivated with spineless cactus has a greater 

capacity to store heat. As the particle sizes are equivalent, this capacity must be derived from 

greater porosity, which allows for a greater amount of water to be retained by the soil. As is 

known, the C-value for water is higher than that for other components of the soil. 

The values of evolution of thermal diffusivity as a function of volumetric soil volumetric 

water content under the Caatinga and under the spineless cactus are presented in Figure 3. In 

general, higher values of thermal diffusivity are observed with increasing soil volumetric water 

content. However, this increase is not linear, as expected. 

 
Figure 2. Volumetric heat capacity of the soil under the 

Caatinga and under the spineless cactus. 

When the thermal diffusivity reaches a certain value (approximately 8.4 μm2 s-1 for the soil under 

the Caatinga and 6.1 μm2 s-1 for the soil under the spineless cactus), even if the soil volumetric water 

content increases, the thermal diffusivity remains almost unchanged. For the soil under the Caatinga, 

the thermal diffusivity values of the soil varied between 3.96 μm2 s-1 and 8.41 μm2 s- 1, with an average 

value of 7.43 μm2 s-1. For the soil under the spineless cactus, the values ranged from 2.35 μm2 s-1 to 

6.18 μm2 s-1, with an average value of 5.47 μm2 s-1. Soil management practices led to a reduction in 

α-values of approximately 25%. 

The diffusivity peak in both cases might be caused by the relative changes in thermal conductivity 

and volumetric heat capacity of the soil. Before the peak value of thermal diffusivity, it seems an increase 

in thermal conductivity with an increase in volumetric water content was relatively greater than in 

volumetric heat capacity. However, after the peak, the relative increase in thermal conductivity of soil 

was perhaps lower than the constant increase in volumetric heat capacity (Abu-Hamdeh, 2003; Soares 

2016). 
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Figure 3. Thermal diffusivity of the soil 

with native forest (Caatinga) and with 

spineless cactus. 

Using the values calculated by Equation 9, the following mathematical equations for the 

thermal diffusivity of the soil were obtained, for the Caatinga (Equation 17):  

𝛼 =
7𝜃3−5𝜃2+𝜃−0,05

105                                                                                                                  (17) 

and for the spineless cactus (Equation 18): 

𝛼 =
3𝜃3−3𝜃2+𝜃−0,07

105                                                                                                                 (18) 

Where α is the thermal diffusivity, in m2 s-1, and θ is the volumetric water content, as a 

percentage. In both cases the coefficient of determination was higher than 0.99. 

Figure 4 shows the soil temperature profile of the Caatinga and the spineless cactus, on 

September 27, 2016, at 12 o'clock. In both cases, the temperature was satisfactorily modeled by 

the sinusoidal function. It is observed that the amplitude of the thermal wave of the soil 

cultivated with spineless cactus suffers a lag when compared to that of Caatinga. This occurred 

at all depths evaluated. The highest and lowest lag values were 0.51ºC and 0.40ºC, at the depths 

of 0.10 m and 0.40 m, respectively. 

On September 28, the maximum soil temperature under the Caatinga, at depths of 0.05 m 

and 0.40 m was 33.98ºC and 31.62ºC, respectively, representing a reduction of 2.36°C, 

corresponding to approximately 7%. Similarly, in the soil cultivated with spineless cactus, 

temperatures at the same depths presented a difference of approximately 6%. This reduction 

resulted from low soil volumetric water content values during the simulation period, which in 

turn resulted in lower values of thermal soil diffusivity, leaving it with higher surface 

temperatures that decay rapidly with depth. 

Differences in temperature values are mainly explained by differences in residual water 

content values, and secondarily by differences in quartz content, saturated water content, and 

soil density (Soares, 2016). 

In the daily soil thermal cycle under the Caatinga, the depth of damping and the 

propagation speed were 0.13 m and 6.14 μm s-1, respectively. These values differed from those 

found for soil cultivated with spineless cactus, which presented a value of 0.8 m for the damping 
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depth and a value of 5.86 μm s-1 for the velocity of propagation of the thermal wave, about 8% 

smaller.  

During the simulation period, the soil heat flux in the had a maximum value of                             

39.96 W m-2 for the soil under the Caatinga and 20.78 W m-2 for the soil cultivated with 

spineless cactus. At night, when the heat flux moves from the interior of the soil towards the 

surface, the minimum values determined were -49.64 W m-2 and -20.84 W m-2 for the soil under 

the Caatinga and that cultivated with spineless cactus, respectively. The procedures performed 

for the cultivation of spineless cactus reduced the thermal behavior of the soil by almost 50% 

in the daytime period and by almost 60% during the nocturnal period. The decrease in the values 

of the soil heat flux is due to the increase in the values of residual water content, due to soil 

management techniques for cultivation of spineless cactus. This corroborates the results found 

by Soares (2016), which have demonstrated that for a same value of volumetric water content, 

the increase of the residual volumetric water content causes a decrease of the thermal 

conductivity of soil, and, consequently, of soil heat flux. 

 
Figure 4. Soil temperature profile of 

the Caatinga and the spineless cactus, 

on September 27, 2016, at 12 o'clock. 

4. CONCLUSION 

This study of the effects of vegetation cover change on native Brazilian semi-arid 

vegetation was evaluated using the model provided by Johansen. 

The procedures used to prepare the soil for spineless cactus cultivation caused an increase 

in the residual and saturated volumetric water content and porosity in addition to a reduction in 

the and soil density and, consequently, a reduction in the transmission capacity of the surface 

temperature to the interior of the soil. 

The cultivation of the spineless cactus caused a reduction in the average volumetric heat 

capacity of the soil of about 22%, an increase of approximately 5% in the average heat capacity 

volume, and a 26% increase in the thermal diffusivity of the soil. Changes in soil for spineless 

cactus cultivation reduced soil heat flux by almost 50%.  
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ABSTRACT  
This study evaluates the occurrence of trends in time series of precipitation in the highlands 

region of Santa Catarina, Southern Brazil. Daily precipitation data of three weather stations at 

Lages, São Joaquim and Campos Novos were used to evaluate rainfall trends. The trends were 

analyzed through the Seasonal Mann Kendall test, to include occurrence of maximum annual 

1-day precipitation (RX1), maximum annual consecutive 2-day precipitation (RX2) and 

maximum annual consecutive 3-day precipitation (RX3) and evaluation of Rainfall Anomaly 

Index (RAI). Trends were identified in two of three weather stations investigated. Positive 

precipitation trends were found in the spring and winter for Lages, and in the spring and summer 

for São Joaquim. Also, there is a trend of increase in the RX1, RX2 and RX3 frequencies and 

an increase in positive anomalies in the last decade for these stations. There are no statistically 

significant trends in the precipitation of Campos Novos, which may be associated with the short 

series of available data for the analysis. The occurrence of El Niño phenomenon with moderate 

to strong intensity was usually associated with the occurrence of positive precipitation 

anomalies and the La Niña phenomenon was related to the occurrence of negative anomalies. 

However, the influence of La Niña in the periods of negative anomaly has been reduced since 

the beginning of the 21st century. 

Keywords: anomaly, rainfall, Mann-Kendall. 

Tendências na precipitação diária da região serrana de Santa 

Catarina, sul do Brasil 

RESUMO 
Este estudo tem como objetivo avaliar a ocorrência de tendências em séries temporais de 

precipitação na região serrana de Santa Catarina, no sul do Brasil. As tendências foram 

analisadas através do teste Sazonal de Mann Kendall, frequências da precipitação máxima de 1 

dia (RX1), precipitação máxima consecutiva de 2 dias (RX2) e precipitação máxima 

consecutiva de 3 dias (RX3) e avaliação do Índice de Anomalia de Chuva (RAI). Tendências 

foram identificadas em duas das três estações meteorológicas investigadas. As tendências 
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positivas de precipitação foram encontradas na primavera e no inverno para Lages e na 

primavera e verão para São Joaquim. Além disso, há uma tendência de aumento das RX1, RX2 

e RX3 e aumento de anomalias positivas na última década para essas estações. Não há 

tendências estatisticamente significativas na precipitação de Campos Novos, o que pode estar 

associado à curta série de dados disponíveis para a análise. A ocorrência do fenômeno de El 

Niño com intensidade moderada a forte geralmente foi associada à ocorrência de anomalias de 

precipitação positivas e o fenômeno de La Niña estava relacionado à ocorrência de anomalias 

negativas. Embora, observe-se que a influência de La Niña nos períodos de anomalia negativa 

foi reduzida desde o início do século XXI. 

Palavras-chave: anomalia, chuva, Mann-Kendall. 

1. INTRODUCTION 

The analysis of precipitation time series in South America indicates the occurrence of a 

change in climatic behavior, with an increase in the magnitude and frequency of rainy days 

(Liebmann et al., 2004). This change in the rainfall patterns due to anthropogenic climate 

change, and decadal and multi-decadal climate variability call into question the stationary 

climate assumption, producing trends (IPCC, 2007) which are systematic and continuous 

changes in any parameter of a given sample, excluding periodic or quasi-periodic changes 

(Yevjevich, 1972).  

A variation in spatial and temporal scale in the rainfall trend (Minuzzi and Caramori, 2011) 

has been observed, showing divergent trends in different locations of the world. Several studies 

of precipitation trend analysis were developed in Brazil using non-parametric statistical tests, 

which obtained results of absence of trend (Salviano et al., 2016; Noronha et al., 2016; Sanches 

et al., 2013), trend of increase (Uliana et al. 2015; Costa et al.; 2015; Pinheiro et al., 2013; 

Minuzzi and Caramori, 2011; Groppo et al., 2001; Back, 2001) or even decreasing trends and/or 

different trends of increase and decrease in the same work, according to the region under study 

(Raimundo et al, 2014; Blain, 2010; Lima et al., 2011), which justifies the study of precipitation 

trends on a regional scale. 

It is expected that these changes affect ecosystems and hydrological cycles, with the 

intensification of extreme climatic events being one of the main global concerns, due to the 

possibility that these may affect the socioeconomic segments of energy, water supply and the 

occurrence of natural disasters in urban environments. The identification of the impacted sites 

by the effects of climate change makes it possible to estimate the damages to socioeconomic 

activities, aiding decision makers in the management of risks and adaptation to changes. This 

work therefore sought evidence of a possible increase or decrease in the rainfall amount, 

maximum 1-day precipitation, maximum consecutive 2-day precipitation and maximum 

consecutive 3-day occurrences and anomalies for the highlands region of Santa Catarina in 

Southern, Brasil, based on long-term daily precipitation time series. 

2. MATERIALS AND METHODS 

Daily precipitation data of three weather stations from INMET (National Meteorological 

Institute) were used to evaluate rainfall trends in the highlands region of State of Santa Catarina, 

Brazil (Fig. 1), Lages (OMM 83891), São Joaquim (OMM 83920) and Campos Novos (OMM 

83887). These stations were selected because they have rainfall records for at least 29 years and 

are evenly spread throughout the study region. 
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Figure 1. Study area and meteorological stations. 

A data analysis was performed to identify the presence of missing data or inconsistencies 

in the time series. The years in which missing data exceeded 15% were excluded from the 

analysis in order to avoid bias in the study. The missing precipitation data were not estimated 

due to the great variability of precipitation, both spatially and temporally, which could lead to 

errors in the results. In this manner, a different period of analysis was chosen for the Campos 

Novos weather station (1987 to 2015), compared to Lages and São Joaquim (1961 to 2015), 

due to data availability. 

Precipitation trends were analyzed using the Seasonal Mann-Kendall test (HIRSCH et al., 

1982), analysis of occurrences of maximum 1-day precipitation (RX1), maximum consecutive 

2-day precipitation (RX2) and maximum consecutive 3-day precipitation (RX3) and evaluation 

of Rainfall Anomaly Index (RAI).  

The RX1, RX2 and RX3 rainfall indices analysed were adapted from the recommendations 

of Expert Team on Climate Change Detection and Indices (ETCCDI), developed by Climatic 

Variability and Predictability (CCI/CLIVAR), in which the maximum annual 1-day 

precipitation (RX1) was discretized in precipitations above 50 mm and 100 mm, and maximum 

annual consecutive 2-day precipitation (RX2) and maximum annual consecutive 3-day (RX3) 

were representative of the maximum amount of precipitation in 2 and 3 days, respectively. 

The trend of total seasonal precipitation was evaluated for spring, summer, fall and winter. 

Yearly seasons were used for trend analysis because time series can have seasonalities and 

autocorrelations that affect the power of the Mann-Kendall test (Blain, 2010), so we chose to 

organize the time series into seasons and calculate the Mann-Kendall index (𝑍𝑀𝐾) for each of 

them. The Mann-Kendall is a non-parametric statistic test, which is based on rejecting or not of 

the null hypothesis (H0), that there is no trend in the data series, adopting a level of significance 

(eg α = 0.05). 
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The statistical variable S, for a data series of the Mann-Kendall test, is calculated from the 

sum of signals (sgn) of the differences, in pairs, of all series values (xi) in relation to future 

values (xj), given by Equations 1 and 2 (Salviano et al., 2016). 

𝑆 = ∑ ∑ 𝑠𝑔𝑛(𝑥𝑗 − 𝑥𝑖)

𝑛

𝑗=𝑖+1

𝑛−1

𝑖=1

                                                                                                                  (1) 

𝑠𝑔𝑛 (𝑥𝑗 − 𝑥𝑖) =  {

+1; 𝑖𝑓 𝑥𝑗 > 𝑥𝑖
0; 𝑖𝑓 𝑥𝑗 = 𝑥𝑖

−1; 𝑖𝑓 𝑥𝑗 < 𝑥𝑖
}            (2) 

When n ≥ 10, the variable S can be compared with a normal distribution, where its variance, 

Var(S), can be obtained through Equation 3, where ti represents the number of ties i (for 

example, a time series with three equal values between them would have one repetition equal 

to 3, or ti = 1 and i = 3). 

𝑉𝑎𝑟(𝑆) =
𝑛(𝑛−1)(2𝑛+5)−∑ 𝑡𝑖(𝑖)(𝑖−1)(2𝑖+5)𝑛

𝑖=1

18
           (3) 

The Zmk index follows the normal distribution, in which its mean is zero, positive values 

indicate increasing trend while negative values indicate decreasing trend. According to the S 

signal, the Zmk index of the normal distribution is calculated through the system of equations 

below (Equation 4). 

𝑍𝑀𝐾 =
𝑆 − 1

√𝑉𝑎𝑟(𝑆)
;  𝑓𝑜𝑟 𝑆 > 0 

(4) 

𝑍𝑀𝐾  = 0; 𝑓𝑜𝑟 𝑆 = 0 

 

𝑍𝑀𝐾 =
𝑆 + 1

√𝑉𝑎𝑟(𝑆)
; 𝑓𝑜𝑟 𝑆 < 0 

 

Since it is a two-tailed test, to reject H0, the absolute value of Zmk must be greater than 

Zα/2. For example, for α = 5%, Z0.05/2 = 1.96, it will be considered that the series has a significant 

trend at the 5% level if Zmk > 1.96. 

The Rainfall Anomaly Index (RAI) is used for temporal analysis of anomalies in time 

series, adapted for Brazil by Freitas (1998) (Equations 5 and 6). 

𝑅𝐴𝐼 = 3 [
𝑁−�̅�

�̅�−�̅�
]              (5) 

𝑅𝐴𝐼 = −3 [
𝑁−�̅�

�̅�−�̅�
]              (6) 

Equation 5 is used for positive anomalies and Equation 6 for negative anomalies, where: 

N = current annual precipitation, which is the year that RAI is generated (mm); �̅�= annual mean 

rainfall of time series (mm); �̅� = average of the ten largest annual precipitations of time series 

(mm); �̅� = average of the ten lowest annual precipitations of time series (mm); where positive 

anomalies are above the mean and negative, below the mean. 
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In addition, the obtained RAIs (positive or negative) were compared with the years under 

the influence of El Niño and La Niña phenomena, in order to seek associations with the RAI 

intensity classes. The information about the occurrence of El Niño-Southern Oscillation 

(ENSO) was obtained from the website of the National Weather Service Climate Prediction 

Center (NOAA). 

3. RESULTS AND DISCUSSION 

3.1. Seasonal Trend  

Before applying the Seasonal Mann-Kendall test, a run test was performed to ensure the 

randomness of the seasonal series or lack of autocorrelation (Table 1). 

Table 1. Results of run test on seasonal data series from weather 

stations at Lages, São Joaquim and Campos Novos. 

Season Lages São Joaquim Campos Novos 

p-value p-value p-value 

Summer 0,770 0,360 0,700 

Fall 1,000 0,336 0,700 

Winter 0,381 0,749 0,700 

Spring 0,037 0,211 0,248 

H0: randomness; right-sided test. 

The precipitation time series from the city of Lages indicates a significant increase in 

seasonal precipitation in spring (p-value=0,001) and winter (p-value=0,011), the rainiest and 

driest seasons, respectively (Fig. 2). 

In Lages, the results indicate positive trends of precipitation during the analyzed period, as 

was reported by another study in this city (Costa et al., 2015). This increase may be related to 

the increase in air temperature in the southern region of Brazil, which is more expressive in 

winter compared to summer (Marengo and Camargo, 2008). 

The increase in the air temperature intensifies the process of natural convection, increasing 

the occurrence of convective rains. This would also explain the increasing trend of rainfall 

during the spring (p-value= 0,008) and summer (p-value=0,018) in São Joaquim, which are the 

rainier seasons with a mean of total seasonal rainfall of 481 and 471 mm, respectively (Fig. 3). 

The increasing trend in spring is in accord with another study that found a significant 

increasing trend of rainfall between October and December for the city of Urussanga (100 km 

from São Joaquim) (Back, 2001). The annual variability of the total precipitation oscillates 

between values above and below the seasonal precipitation mean of the period in all seasons; 

however, in the last decades a greater positive deviation than mean is observed in the seasons 

of the year in which there is trend.  

There is no trend to seasonal total precipitation in Campos Novos (Fig. 4), which may be 

explained due to the short time series available in this weather station for the trend test. The 

absence of the decades of 60 and 70 in the time series influenced the test results. In order to 

prove this, the withdrawal of these decades was simulated from the time series of Lages and 

São Joaquim, verifying the influence of this period in the test, which did not present significant 

trend in this case. 
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Figure 2. Seasonal precipitation trend for Lages. 
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Figure 3. Seasonal precipitation trends for São Joaquim. 

 

 
Figure 4. Seasonal precipitation trend for Campos Novos. 
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3.2. Frequency Distribution of RX1, RX2 and RX3 

The frequency distribution showed an increasing trend for the RX1 when evaluating events 

greater than 50 mm and 100 mm. In Lages, the highest value of precipitation found was                   

176.8 mm in October 2001, 124.2 mm in July 1983 for São Joaquim, and 159.4 mm in May 

1990 for Campos Novos. This corroborates another study developed in three states of the 

southern Brazil, where an increase in the maximum daily rainfall was observed in 14 of 18 

rainfall gauges (Pinheiro et al., 2013). Despite this, a study conducted in the Rio Grande do Sul 

State from climate models did not detect trends in RX1 (Melo, 2015), which highlights the 

importance of these studies at the regional level. 

The analyses of RX2 and RX3 showed an increase in frequencies for Lages and São 

Joaquim, showing that there is an increase in the duration of the rainfalls.  

In Lages and São Joaquim, the frequency of days per year in which there are rains of RX2 

is in the range of 20 to 50 days and the frequency of days per year that occur RX3 varies from 

5 to 35 days.  

There is no trend in RX2 and RX3 for Campos Novos, an effect that may be explained by 

the lesser amount of available data under analysis, since the frequency of days per year in which 

there are rains of RX2 range from 30 to 50 days, the same that in the other stations. However, 

the years where the lowest frequencies of RX2 occurs in Lages and São Joaquim are those 

missing in the time series of Campos Novos. 

3.3. Rainfall Anomaly Index 

 The RAI for Campos Novos presented a wide range, from extremely wet years, such as in 

1990, 1998 and 2015, to extremely dry years, as in 2006. The RAI values for Lages and São 

Joaquim also presented this range, though higher frequencies are observed in wet and very wet 

classes for recent years. These results indicate that, since 2007, only 2012 did not fit into the 

classes with positive anomalies, which may be related to a significant episode of La Niña 

phenomenon in this year.  

As discussed previously, this behavior may be associated with the higher air temperature 

values observed for the recent years (Marengo and Camargo, 2008). Through the occurrence of 

higher air temperatures, warm air, due to its low density and weight, submits itself to the 

convection process, increasing the occurrence of rainfalls with strong intensity. 

Although there is an increase in the occurrence of positive RAI for the recent years in 

Lages and São Joaquim, this trend is not observed in Campos Novos, which possibly may be 

related to the shorter length of data available used in the analysis. The shorter temporal range 

limited the revelation of trends and positive anomalies due to the absence of the decades of 60 

and 70.  

To verify if this increasing trend of the positive anomalies is associated to the occurrence 

of positive sign (El Niño) or negative sign (La Niña) of the ENOS phenomenon, the RAI’s 

obtained for Lages were related to the classification of ENOS in Table 2.  

It is noticed that 55% of the years in which positive anomalies are observed were under El 

Niño effect. Of the rest, in 41% of cases there was an effect of La Niña. For the negative 

anomalies, there was a correspondence of 47% with La Niña and 61% with the occurrence of 

El Niño. An initial evaluation of these values would indicate a low correspondence between the 

occurrences of positive or negative anomalies with the occurrence of the positive or negative 

sign for the ENSO phenomenon. However, it is known that the response of the climate variables 

in the ENSO phenomenon are not instantaneous, which means that the occurrence of a 

configured El Niño event in a certain year may only affect the climate of the next year (GRIMM 

et al., 2000).  
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Table 2. Years with the occurrence of El Niño and La Niña and signs of RAI for 

Lages. 

Year NOAA RAI  Year NOAA RAI 

1961 Neutral -  1995 El Niño/La Niña - 

1962 Neutral -  1996 La Niña + 

1967 La Niña -  1997 El Niño + 

1968 El Niño/La Niña -  1998 El Niño/La Niña + 

1969 El Niño -  1999 La Niña - 

1971 La Niña -  2000 La Niña + 

1972 El Niño/La Niña -  2001 La Niña + 

1974 La Niña -  2002 El Niño + 

1976 El Niño/La Niña -  2003 El Niño - 

1977 El Niño -  2004 El Niño - 

1978 El Niño -  2005 El Niño + 

1979 El Niño -  2006 El Niño - 

1981 Neutral -  2007 El Niño/La Niña + 

1982 El Niño +  2008 La Niña + 

1987 El Niño +  2009 El Niño + 

1988 El Niño/La Niña -  2010 El Niño/La Niña + 

1989 La Niña +  2011 La Niña + 

1990 Neutral +  2012 La Niña - 

1991 El Niño -  2013 Neutral + 

1992 El Niño +  2014 Neutral + 

1993 Neutral +  2015 El Niño + 

1994 El Niño +     

RAI: + (positive), - (negative). 

The occurrence of El Niño influences the occurrence of positive rainfall anomalies in 

southern Brazil (Raimundo et al., 2014). In order to find these relationships, a graph was created 

relating the occurrence of the positive or negative signs for the ENSO phenomenon with the 

RAI obtained for the three cities under study (Fig. 5).  

 



 

 

10 Eder Alexandre Schatz Sá et al. 

Rev. Ambient. Água vol. 13 n. 1, e2149 - Taubaté 2018 

 

 

 
Figure 5. Correlation between RAI and occurrence of ENSO 

phenomenon at different intensities. In the Y axis, the figures indicate 

the intensity of the ENSO phenomenon: 1 = Weak intensity; 2 = 

Moderate intensity; 3 = Strong intensity; Positive values indicate the 

occurrence of El Niño and negatives indicate the occurrence of La 

Niña. (A) Using all the years of the study; (B) With the withdrawal of 

the decades of 1960 and 1970 for El Niño and the decade of 2000 for 

La Niña. 
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It is verified that in case of an El Niño with strong intensity, the majority of the RAI values 

are positive, while in the cases of La Niña with strong intensity the RAI values are negative 

(Fig. 5-A). In other words, the stronger the intensity of El Niño, the greater the occurrence of 

positive anomalies, and the stronger the intensity of La Niña, the greater the occurrence of 

negative anomalies. Consequently, it can be affirmed that more important than the occurrence 

of the phenomenon is the intensity.  

In an individual analysis of each event, it is observed that the correspondence between the 

occurrence of El Niño and positive anomalies has been more intense in recent years, especially 

since the decade of the 1980s. This can be verified when the years before 1980 are withdrawn 

from the analysis, as seen in Figure 5-B. It is then confirmed that with the withdrawal of the 

decades of the 1960s and 1970s, there is a major predominance of occurrence of positive 

anomalies associated with a moderate and strong El Niño event.  

On the other hand, it was observed that the influence of La Niña in the periods of negative 

anomaly has been reduced since the beginning of the 21st century. The Figure 5-B shows that 

the withdrawal of the years older than 2000 significantly increases the relationship between La 

Niña and the occurrence of negative anomalies.  

The results indicate a decreasing in the effect of La Niña, which may be associated with 

the increase in temperature observed in the region for the recent years (Marengo and Camargo, 

2008) or the intensity and duration of these events. However, this results must be evaluated for 

other regions to confirm if this tendency corresponds to the entire region of southern Brazil or 

just the highlands region.  

The results of increasing trends in Lages and São Joaquim differ from a study of trends 

analysis of precipitation and temperature data in Brazil, which showed no significant trends in 

over 70% of the Brazilian territory in all months in the precipitation (Salviano et al., 2016). The 

difference found may due to the stations selected in Santa Catarina for that study, what supports 

the idea that more regional studies must be developed to understand the trends in precipitation 

locally. 

4. CONCLUSIONS 

There is an increasing trend of seasonal precipitation in the spring and winter for Lages, 

while for São Joaquim, increasing trends are found for the spring and summer seasons. There 

is no statistically significant trend in Campos Novos, which is possibly justified due the short 

series of available data. It can be observed that the rainfall frequency distribution is aligned 

with the seasonal trend analysis, with an increase in the frequency of maximum rainfall, as well 

as for the RX2 and RX3 rainfalls. Therefore, there is an increase in the number of extreme 

episodes and the number of days with rainfall. 

The RAI values for Lages and São Joaquim confirmed that the higher frequencies in the 

wet and very wet classes have increased in recent years. The correlation between RAI and the 

occurrence of the ENSO phenomenon indicates that the greater the intensity of the ENOS 

phenomenon, the greater the occurrence of anomalies. In addition, the influence of the La Niña 

in the periods of negative anomaly has been reduced since the beginning of the 21st century. 

Despite this, it is recommended that this relationship to be studied in other regions to confirm 

the statement.  
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ABSTRACT 

This work assessed and compared the leaching properties of two types of compost and 

stabilized waste from a mechanical-biological treatment (MBT) plant. The first type of compost 

and the MBT waste were produced by aerobic treatments, while the second type of compost 

was generated from a combination of anaerobic and aerobic biodegradation processes. Both 

static-batch leaching tests, carried out applying a single liquid to solid (L/S) ratio equal to 10 L 

kg-1, and dynamic column percolation tests, investigating constituents release as a function of 

different L/S ratios, were performed. The three materials were also characterized in order to 

investigate their biological stability degree, organic matter content, and metals total content. As 

expected, due to the differences in feed input waste or treatment conditions, the three types of 

samples showed different characteristics and leaching concentrations. However, the leaching 

behavior of the three types of treated materials presented similar trends of dissolved organic 

carbon (DOC) and metals (Cu, Ni, Pb, Zn) leaching as a function of the L/S ratio. A screening 

model proposed and developed for MBT waste in a previous study, which allows the description 

DOC release as a function of the L/S ratio, was applied and discussed. The comparison of model 

predictions with the experimental leaching data highlighted that for all three samples the 

screening model describes quite well the release trends of metals. 

Keywords: Compost, MBT waste, leaching properties, modelling. 

Estudo da propriedade a lixiviação e de resíduos sólidos do 

tratamento mecânico biológico, da compostagem e dos processos 

conjuntos anaeróbico/aeróbico 

RESUMO 
O estudo atual aprofunda-se e compara o comportamento a lixiviação (leaching) de dois 

tipos de composto, o primeiro produto do tratamento aeróbio da fração orgânica selecionada 

(dos mercados ortofrutíferos), o segundo tratamento em conjunto com o anaeróbio/aeróbio de 

fração orgânica de resíduos sólidos da cidade, proveniente de seleção diferenciada, com o 

resultado da fração orgânica estabilizada produzida de planta do tratamento 

mecânico/biológico. As três matrizes evidenciaram propriedade e comportamentos diferentes 
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que dependem seja das várias características dos resíduos que foram tratados seja dos diferentes 

processos de tratamentos que foram feitos, com relação ao tratamento da lixiviação, foi 

determinante um desempenho igual para as três matrizes testadas em todos os três resíduos 

foram observados uma significativa semelhança entre as cinéticas, de lixiviação do carbônio 

orgânico solubilizado (BOC) e dos metais principais (Cu, Ni, Pb, Zn) em função do 

relacionamento. L/S. em base a essas evidências foi adotado o modelo interpretativo já proposto 

e desenvolvidos dos mesmos autores para uma fração orgânica estabilizada proveniente do 

tratamento mecânico biológico em outro estudo. O confronto entre os resultados obtidos com o 

modelo interpretativo adotado e com aquele obtidos dos testes de lixiviação realizados 

evidenciam como o modelo interpretativo replica bem o desenvolvimento real da liberação dos 

metais pesquisados liberados. 

Palavras-chave: Composto, tratamento mecânico biológico (TMB), lixiviando proprietários, 

modelagem. 

1. INTRODUCTION 

In the last decades, since the issuing of the European Landfill Directive 1999/31/EC, 

Member States took action in order to divert biodegradable municipal waste from landfills. In 

fact, the anaerobic biodegradation reactions that ensue from this waste stream in the landfill 

body generate greenhouse gases and a liquid leachate that typically presents high concentrations 

of both organic and inorganic contaminants. Inadequate management of biogas and leachate 

flows over time may lead to significant impacts for the environment and human health. The 

source-segregated organic fraction of Municipal Solid Waste (MSW) is generally treated by 

aerobic and/or anaerobic biodegradation processes that produce compost and digestate, which 

can be used as soil amendments (Abdullahi et al., 2008). Residual MSW may be processed in 

mechanical–biological treatment (MBT) plants to produce biostabilised waste, besides waste-

derived fuels aimed at energy recovery (Lornage et al., 2007; Di Lonardo et al., 2016; Di 

Gianfilippo et al., 2016).  

As mentioned, compost is generally used in agriculture as a soil conditioner for improving 

soil physical and chemical properties and as a fertiliser, i.e., as a nutrient source for growing 

crops (Westerman and Bicudo, 2005; Hargreaves et al., 2008). On the other hand, the main fate 

of MBT waste is landfilling due to the higher content of non-compostable materials (e.g. plastic 

and glass pieces) and heavy metals compared to compost (Dimambro et al., 2007; Di Lonardo 

et al., 2015a; 2015b). However, interest in the possibility of recovering MBT waste is increasing 

(MacLeod et al., 2008), especially considering the large amounts that are being produced in 

efforts to divert waste from landfills (Farrell and Jones, 2010, Lombardi et al., 2017). Many 

studies investigated the recovery of MBT waste for land reclamation purposes obtaining 

positive performances, such as in landfills as cover layer material (Angermeier et al., 2011) or 

applied to degraded and/or contaminated soils for organic matter supply and for metals 

recovery, respectively (Farrell and Jones, 2010). In this light, assessing the environmental 

performance of different types treated biowastes is essential for increasing the material recovery 

by keeping the soil quality and preventing the risk to human health (Smith, 2009, Pantini et al. 

2015a) and, based on the previous targets, defining end-of-waste criteria (EU, 2008). To date, 

the latter have not been issued at a European level, whereas some Member States (e.g. Italy and 

Austria) have their own regulations on treated biowaste requirements suitable for recovery. 

These characteristics are expressed in terms of the total composition (e.g. heavy metals total 

content), whereas no restrictions on leaching concentrations are prescribed (Vandecasteele et 

al., 2013). However, the leaching of soluble constituents from waste materials upon contact 

with water, regarded as the main mechanism of release, may result in a potential risk to the 
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environment during use or disposal (Van der Sloot et al., 2003; Singh and Kalamdhad, 2013). 

Therefore, understanding leachate composition is a key issue for the evaluation of long-term 

impacts either in the case of recovery or landfilling. 

Many authors studied the release behavior of organic-rich wastes (generally by means of 

the static batch leaching test and the sequential extraction method) and various different results 

were found, as there are several variable factors affecting leaching, such as the origin of the 

biodegradable feedstock, the type of process employed to biostabilise it, the initial metals and 

organic content, pH conditions, etc. (Song and Greenway, 2004; Van der Sloot et al., 2003; 

Amir et al., 2005; Castaldi et al., 2006; Farrell and Jones, 2010; Smith, 2009; Van Praagh et al., 

2009; Karak et al., 2013; Vandecasteele et al., 2013; Di Lonardo et al., 2015a; 2015b). An 

important and common finding raised by these studies was that, beside the pH, which is widely 

known to influence the solubility of heavy metals (Whittle and Dyson 2002; Van der Sloot et 

al., 2004; Vandecasteele et al., 2013), in the organic-rich matrices, the role of solid and 

dissolved organic matter may be considered a key factor in the transfer of the inorganic 

constituents to the water phase through the formation of soluble and insoluble complexes. 

This work assessed and compared the leaching properties of two types of compost, one 

produced from an aerobic composting process (Compost A) and the other from a combination 

of anaerobic and aerobic biodegradation processes (Compost B), respectively (Lombardi et al., 

2016). The experimental leaching data were then elaborated through a screening model 

proposed and developed in a previous study (Pantini et al., 2015b), which assesses organic 

carbon and metals release as a function of the L/S ratio. The experimental and modeled results 

obtained for the two composts were then compared with those found for an MBT waste (Pantini 

et al., 2015a), in order to point out analogies and differences in the release of constituents from 

the different types of organic wastes. 

2. MATERIALS AND METHODS 

2.1. Origin of the analysed samples 

As previously mentioned, two compost samples of different origin were investigated. 

Compost A was collected, after completion of the maturation stage, at a composting plant 

located in Rome, (Lazio, Italy) fed by the source-segregated organic fractions of MSW (from 

local markets, restaurants and households) at maximum treatment capacity of                                      

30000 MgOFMSW y-1. The aerobic composting process is consists of 28 days active phase 

followed by a maturation stage of up to 180 days carried out on the undersize flow from the 

mechanical sieving unit at 10 mm. Both phases are carried out under covered conditions. 

Compost B, after completion of the maturation stage, was collected at the 

biodigestor/composting plant located in Central Italy, which treats the source-segregated 

organic fractions of MSW (OFMSW) (mainly food and green waste) with a maximum treatment 

capacity of 43500 Mg OFMSW y-1. Unlike the composting plant of Rome, the plant of Central 

Italy includes two different biodegradation process stages. First, an anaerobic digestion stage 

of 15 days is carried out in a horizontal biodigestor; then, the digestate output is mixed with 

“fresh” OFMSW and sent to the aerobic composting stage. The latter is performed in biocells 

for 20 days, followed by a 90-day maturation stage of the undersize flow from the mechanical 

sieving unit at 40 mm. Both phases are carried out under covered conditions. A secondary 

mechanical sieving at 10 mm is carried out at the end of the maturation phase. The oversize 

flows are recirculated at the beginning of the process in order to act as structuring materials 

during the two biodegradation stages.  

The MBT waste, analyzed in the work of Pantini et al. (2015a), after completion of the 

stabilization process, was sampled in one of the four MBT plants located in Rome, having a 

maximum treatment capacity of 750 Mg MSW d-1. Focusing on the biological process, after 
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metal removal by belt-type electromagnetic separators, the biodegradable fraction (i.e. the 

undersize flow coming from the primary mechanical sieving unit at 80 mm) is sent to a 

biostabilisation basin where biodegradation occurs for 28 days in forced aeration conditions. 

The biostabilised output is then mechanically sieved at 20 mm in order to separate an oversized 

fraction mainly composed of plastics and inert materials from the undersized fraction, namely 

the final biostabilised waste (Sample C) which is daily landfilled. 

Random sampling from piles, mixing and quartering were performed according to the 

procedure laid down in the Italian standard UNI 10802 (2013), in order to obtain final samples 

of roughly 20 kg for lab analyses.  

2.2. Analytical methods 

Preliminary characterisation of the sampled materials was carried out in order to 

investigate the biological stability degree, the organic matter content, as well as metals’ total 

content.  

Biological reactivity was analysed by determining the dynamic respiration index (DRI), 

namely the maximum oxygen consumption rate due to microbial activity (Adani et al., 2004). 

DRI was measured and calculated according to the procedure reported in the Italian Standard 

UNI/TS 11184 (2006) by using a 30 L adiabatic respirometric reactor (Costech International 

Respirometer 3024). The organic matter content was determined by measuring the total organic 

carbon (TOC) in triplicate by means of a Shimadzu SSM-5000A instrument. In order to 

determine the heavy metals total content (Cu, Ni, Pb and Zn), air-dried and grinded samples 

were acid-digested at high temperature (USEPA, 1996; Kazi et al. 2009) in triplicate. The 

obtained solutions, after filtration at 0.45 μm, were analysed by inductively coupled plasma 

atomic emission spectrometry (Varian ICP-AES). The leaching behaviour of the analysed 

materials was evaluated by means of both static batch and dynamic column tests in order to 

identify the key factors affecting organic matter and metals release. The batch leaching test was 

performed according to the UNI EN 12457-2 (2002) method. A 0.001 M CaCl2 solution was 

added to air-dried samples grinded to a size lower than 4 mm at a liquid to solid ratio equal to 

10 ml/g and bottles containing the mixture were slowly shaken for 24 hours. The up-flow 

column percolation tests were carried out according to the prEN 14405 (2013) method. Each 

column was filled with roughly 1 kg of compost samples or 0.5 kg of MBT waste which were 

introduced in consecutive thin layers (2-3 cm) and compacted with a rammer. After saturation, 

columns were maintained disconnected from the pump for a few days before starting the test in 

order to ensure local equilibrium between the liquid solution and the solid matrix. During the 

experiment, columns were subjected to an upward flow (15±2 cm d-1) of the 0.001M CaCl2 

solution. Different leachate samples were collected at fixed L/S ratios. More information about 

column test conditions are reported in Lombardi et al. (2016) for the compost samples and in 

Pantini et al. (2015a) for the MBT waste sample. Tests were conducted in duplicates for each 

sample. All the batch and column eluates as-collected were analysed for the pH (Eustech 

Instrument pH 700). Then, after filtration at 0.45 μm, the dissolved organic carbon (DOC) 

(Shimadzu TOC-V CPH/CPN analyser) and the metals concentrations (Varian ICP-AES) were 

measured. 

2.3. Modelling experimental results 

The constituent mass release measured in column experiments was modelled using the 

approach proposed by Pantini et al. (2015a). Considering an equilibrium condition between 

solid and liquid phases, in the early stages of the test (i.e. low L/S ratios) the mass release is 

governed by an advection-controlled transport and the cumulative mass release per unit mass 

of waste, Mcum,adv (mg kgTS-1), can be estimated as a function of the L/S ratio (Kosson et al., 

2002)                  (Eq. 1): 
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𝑀𝑐𝑢𝑚.𝑎𝑑𝑣 = 𝐿 𝑆⁄ ∙ 𝐶𝑠𝑜𝑙                        (1)  

Where Csol is the concentration in the liquid phase (mg L-1). 

The liquid to solid ratio, L/S (L kgTS-1), i.e. the amount of water percolated through the 

column after a certain time relative to the dry weight of the solids in the column (Grathwohl 

and Susset, 2009), is a function of the flow velocity attained in the column, as follows (Eq. 2): 

𝐿 𝑆 ⁄ =  
𝜈 ∙ 𝜃 ∙𝑡

ℎ𝑐 ∙ 𝜌
                  (2) 

Where v is the average flow velocity (m s-1), t the time (s), θ the porosity, hc the column 

height (m) and ρ the dry bulk density of the waste in the column (kg L-1). 

For extended leaching times, non-equilibrium conditions, resulting from a switch to a mass 

transfer-controlled scenario, are usually observed (Grathwohl and Susset, 2009; Kosson et al., 

2002) and Eq. (1) is not valid anymore. Under a mass transfer-controlled scenario, the 

cumulative mass release per unit waste mass, Mcum,dif (mg kgTS-1), can be estimated using the 

following simplified expression (Kosson et al., 2002) (Eq. 3): 

𝑀𝑐𝑢𝑚,𝑑𝑖𝑓 =  2
𝐶0

ℎ𝑐
 (

𝐷∙𝑡

𝜋
)

1 2⁄

             (3) 

Where D is the diffusivity of the constituent in the porous medium (cm2 s-1). 

Hence, the cumulative mass release per unit mass of waste expected during the entire 

duration of the column test, Mcum (mg kgTS-1), can be estimated as follows (Eq. 4): 

{
𝑀𝑐𝑢𝑚 =  𝐿 𝑆 ∙ 𝐶𝑠𝑜𝑙⁄                                                                        𝐿/𝑆 ≤   𝐿/𝑆∗

𝑀𝑐𝑢𝑚 =  𝐿 𝑆⁄ ∗
∙ 𝐶𝑠𝑜𝑙 + 2

𝐶0

ℎ𝑐
 (

𝐷∙(𝑡−𝑡∗)

𝜋
)

1 2⁄

                                 𝐿/𝑆 >   𝐿/𝑆∗
      (4) 

Where L/S* and t* are the critical liquid to solid ratio and time, respectively, above which 

the mass release switches to a mass transfer-controlled scenario.  

L/S* can be estimated assuming the critical number of pore volumes, npv, delivered in the 

column required to achieve a mass transfer-controlled release condition (Eq. 5): 

𝐿 𝑆∗ ⁄ =  
𝑛𝑝𝑣 ∙𝑆𝑤

𝑉𝑐 ∙ 𝜌
              (5) 

Where Sw is the water required to saturate the packed material in the column (L) and Vc 

the column volume (L). As a result, the t* can be calculated from Eq. (2), as follows (Eq. 6): 

𝑡∗ =  𝐿 𝑆∗ ⁄ ∙  
ℎ𝑐 ∙ 𝜌

𝜈 ∙ 𝜃
              (6) 

 

3. RESULTS AND DISCUSSION 

3.1. Sample characteristics and leaching properties 

The three considered organic waste samples showed different biological reactivity degrees 

in the following increasing order: Compost A < MBT waste < Compost B, with DRI values 

equal to 620, 1456 and 2857 mgO2 kgVS-1 h-1, respectively. This variability was related to the 

different nature of the input to the biological processes (source-segregated organic fractions and 

mixed MSW), to the heterogeneity of the feedstock, which in turn is influenced by the location 
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and seasonal period of sampling, as well as to the type of treatment, i.e. the duration of the 

process and the type of treatment applied (aerobic or anaerobic). It can be noticed that only 

Compost A was biologically stable as the DRI was lower than the maximum limit value of      

1000 mgO2 kgVS-1 h-1, below which an organic waste presents a good biostability (Adani et al., 

2004). This finding was associated to the longer treatment time which this sample underwent 

compared to the others (as above described). Also, the significant reactivity of Compost B was 

likely due to a non-efficient treatment process management.  

Figure 1 shows the results of the organic carbon and the metals total content in the solid 

matrix (a), the characteristics of the eluates obtained from the batch leaching tests at                                       

L/S = 10 L kg-1 (b), as well as metals and organic carbon percentages of release (c), calculated 

as the ratio between the leached concentration and the total content. It can observed that MBT 

waste showed the highest metal total content (Figure 1a), especially for Cu and Pb, with a 

significant standard deviation. This is mainly because MBT waste derives from the mechanical 

separation of non-segregated MSW (residual from at-source separate collection) which might 

be composed of materials with high concentrations of toxic elements, whereas the compost 

samples derived exclusively from at-source separated biodegradable organic fractions. For the 

same reason, MBT waste presented the uppermost metal concentrations in the eluate (Figure 

1b), as reflected by the release percentages (Figure1c), which were found to be particularly 

significant for Ni and Pb. The total and dissolved organic carbon were quite similar between 

the three samples, also in terms of release percentages. 

 
Figure 1. a) Organic carbon and metals total content (*TOC expressed in g kgTS-1), b) 

characteristics of the eluates from batch leaching tests (*DOC expressed in g kgTS-1), c) 

organic carbon (OC) and metals release percentages. 

Figure 2 shows the pH trend and the cumulative mass release of DOC and metals measured 

during column leaching experiments as a function of the liquid to solid ratio (L/S). Data are 

reported as an average of the two column replicates per each sample. 
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Figure 2. pH trend and cumulative mass release of DOC, Cu, Ni, Pb and Zn measured from 

column leaching tests as a function of the L/S ratio. 

No significant variation of the pH trend as a function of increasing L/S ratios can be 

observed for all the three samples. However, the cumulative mass release of DOC and metals 

was found to be affected by the L/S value; in particular, a similar trend of the curves expressing 

metal/Doc release as a function of L/S was observed for all the tested samples and all the 

investigated contaminants. Specifically, the latter rapidly increased at low L/S ratios (L/S < 2) 

indicating a fast washout of the elements. Afterwards, at higher L/S values, the slope of the 

cumulative curve decreased, especially in the case of MBT waste. It can be further noticed that 

the DOC cumulative release was found to be higher for MBT waste compared to the compost 

samples, likely because of the higher biodegradability of the organic matter, that means a higher 

solubility (Said-Pullicino et al., 2007), due to the relatively short biological process carried out 

in the MBT plant. As for metals cumulative mass release, the two compost samples exhibited 

lower leaching of metals than the MBT waste. This can be again related to the longer duration 

of the decomposition process compared to that of the MBT waste, since metals tend to be bound 

to the more-mineralized solid organic matter (Castaldi et al., 2006; Smith, 2009; Di Lonardo et 

al., 2015a). 

3.2. Modelling organic carbon and metals release 

The results obtained from column and batch tests were interpolated through the model 

developed by Pantini et al. (2015a) in order to find the key mechanisms governing elements 

release and to compare the leaching behaviour of the three investigated samples.  

Firstly, by applying the above-mentioned model, the DOC cumulative mass release trend 

was obtained by considering the highest DOC value measured (i.e., the one corresponding to 

the first eluate at L/S equal to 0.1 L kg-1) and the set-up parameters of the column tests (from 

Pantini et al., 2015a and Lombardi et al., 2016) as input data. As shown in Figure 3, the 

modelled data were then compared with the experimental results measured during the column 

tests proving a very good fit for all the three samples, as confirmed by the significant correlation 

factor R2 > 0.95. 
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Therefore, it can be deduced that at low L/S ratio organic matter release is mainly governed 

by a washing mechanism which switches to a mass-transfer controlled one after a certain period 

t*. It has to be pointed out that the latter is determined by choosing the diffusivity coefficient 

D and the critical number of pore volume npv as best-fitting parameters and, in this regard, it is 

interesting to note that the D values used resulted in the same order of magnitude for the three 

different samples (Figure 3).  

 
Figure 3. Comparison between measured and modelled data of DOC cumulative mass release 

as a function of the L/S ratio for a) Compost A, b) Compost B and c) MBT waste. 

In Figure 2, a certain similarity between the elution profiles of DOC and those of the 

considered metals was observed, suggesting a possible interdependence. Hence, for all the three 

samples, the concentrations of Cu, Ni, Pb and Zn were plotted as a function of the DOC 

measured in each eluate of column and batch experiments, as shown in Figure 4.  

A strong linear correlation (R2 ≥ 0.9, with the exception of Pb in the cases of Compost A 

and MBT waste) between the concentration of the metals in the eluates at different L/S ratios 

and the dissolved organic carbon can be observed. It must be further noted that, for the three 

investigated samples, the correlation coefficient KDOC,Me (i.e. the slope of the regression line) 

were in the same order of magnitude, with the exception of KDOC,Cu, which was found to be 

lower for compost B compared to compost A and MBT waste, as well as KDOC,Ni which was 

higher for MBT waste than for the two composts.  
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Figure 4. Metal concentrations (mg/l) plotted as a function of DOC concentrations (mg/l) per each 

investigated sample. 

On the basis of the significant correlation found between metals [Me] and the dissolved 

organic carbon [DOC], the mass release of Cu, Ni, Pb and Zn may be derived using the 

correlation coefficients, KDOC,Me from the equation describing the regression lines shown in 

Figure 4, as follows (Pantini et al., 2015a) (Eq. 7): 

[𝑀𝑒] = 𝐾𝐷𝑂𝐶,𝑀𝑒[𝐷𝑂𝐶]             (7) 
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Hence, assuming that complexation to DOC is the main mechanism governing the release 

of the considered metals, results of column experiments were modelled combining Eqs. (4), (7) 

as follows (Eq. 8): 

{

𝑀𝑐𝑢𝑚 =  (𝐿 𝑆 ∙ 𝐷𝑂𝐶⁄ ) ∙ 𝐾𝐷𝑂𝐶,𝑀𝑒                                                               𝐿/𝑆 ≤   𝐿/𝑆∗

𝑀𝑐𝑢𝑚 =  (𝐿 𝑆⁄ ∗
∙ 𝐷𝑂𝐶 + 2

𝑇𝑂𝐶

ℎ𝑐
 (

𝐷∙(𝑡−𝑡∗)

𝜋
)

1 2⁄

) ∙ 𝐾𝐷𝑂𝐶,𝑀𝑒                     𝐿/𝑆 >   𝐿/𝑆∗
     (8) 

Where TOC is the total organic content of the solid matrix, KDOC,Me the empirical 

correlation coefficient between metal (Me) and DOC, hc the column height, D the diffusivity 

coefficient of DOC in the porous medium (cm2 s-1), t* and L/S* the critical time and liquid to 

solid ratio that allows the switch from flux-controlled to mass transfer-controlled scenario, 

computed through the critical number of pore volume npv (Eqs. (5), (6)).  

The results returned by Eq. (8) were then compared with the metals’ cumulative mass 

release measured during the leaching experiments, as shown in Figure 5. It is interesting to note 

that this modelling approach may provide a good description of the cumulative mass release of 

Cu, Ni, Pb and Zn from organic waste material, as proved by the high correlation factors                        

(R2 > 0.9) found between the measured and the modelled data. This indicates that, in principle, 

from the total organic content (TOC) and dissolved organic content (DOC) of an organic-rich 

waste material, a reliable estimation of the metals release can be attained by employing a 

simplistic approach. It should be highlighted, however, that the model does not account for 

other processes (e.g. geochemical, biological) that may influence the long-term leaching 

behaviour of these materials. 
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Figure 5. Comparison between measured data and modelled values (dotted line) of the 

metals cumulative mass release as a function of the L/S ratio. 

4. CONCLUSIONS 

The results obtained in this work showed that three different organic waste samples, 

coming from different feed-waste types and treatment processes, are characterized by similar 

leaching behaviors. Furthermore, for all the investigated materials, a significant similarity 

between the leaching pattern of the dissolved organic carbon and the one observed for the 

investigated metals (Cu, Ni, Pb and Zn) was found. Based on this evidence, by plotting the 

concentrations of the DOC and metals measured in each eluate of column and batch leaching 

experiments, specific correlation coefficients for each metal were derived. It is worth pointing 

out that these correlation coefficients were quite similar for the three samples. The correlation 

coefficients were then integrated in a simplistic model that simulates the cumulative release of 

DOC, allowing the description of the release of metals as a function of the L/S ratios applied. 

The comparison with the experimental data observed in the different column tests highlighted 
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that the screening model describes quite well the leaching trend of the metals. This result 

suggests that, from the total organic content (TOC) and dissolved organic content (DOC) of an 

organic rich waste material, a reliable estimation of the release of metals can be attained by 

employing a simplistic approach such as the one presented in this work. However, further 

investigation is needed to better understand release-controlling mechanisms and in which form 

metals are leached, e.g., by performing pH dependence leaching tests, sequential extraction for 

metals speciation, as well as DOC fractionation. 
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